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ABSTRACT

Wang, Peng Hao. Ph.D., Purdue University, December 2013. The Comparison of
Composite Aircraft Field Repair Method (CAFRM) with Traditional Aircraft Repair
Technologies. Major Professor: Dr. Ronald Sterkenburg.

In the aviation industry, manufacturers made the transition from aluminum to
composite materials for the majority of their primary structures over the last few
decades. While the design and manufacturing techniques have consistently
evolved, field repair methods were consistently overlooked. In this study,
specimens fabricated using some of the common repair methods such as the
autoclave repair method, and Double Vacuum Debulk (DVD) repair method were
tested against the Composite Aircraft Field Repair Method (CAFRM) proposed by
the researcher. Specimens were tested with microscopy, acid digestion, short
beam shear, and mode I fracture tests. The researcher was able to determine the
specimen’s void content, fiber volume fraction, shear strength, and opening
mode interlaminar fracture toughness for the specimens fabricated using the
different repair methods. The specimens fabricated using the autoclave repair
method, DVD repair method, and CAFRM showed significant differences in void
content, shear strength, and opening mode interlaminar fracture toughness.
However, there were no significant differences between the specimens for fiber
volume fraction.
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CHAPTER 1. INTRODUCTION

1.1

Introduction

In today’s aviation industry, manufacturers have been gradually making
the transition from all aluminum aircraft to new generation aircraft that utilize
composite materials for the majority of their primary structures. However, with all
the advances in utilizing composite materials for these new generation aircraft,
the advancement in the repair of these composite structures, particularly field
repairs, were consistently overlooked. Even though new generation composite
aircraft may require less overall maintenance, repair methods must be developed
and ready when damage actually occurs (McConnell, 2011). The readiness and
effectiveness of the repair methods will ensure the airworthiness of the new
generation composite aircraft. Continued airworthiness is essential to the
efficiency of an aircraft structure. Structural integrity must be maintained after
repairs have been performed (Jones et al., 1995). Therefore, the field repair of
composite structures is a technology that can significantly enhance the
availability of the composite aircraft for service. Without field repair, composite
aircraft must be returned to a site where composite manufacturing and repair
facilities are available, such as a depot or a Maintenance Repair and Overhaul
(MRO) facility. The transportation and scheduling of these efforts can often take
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the aircraft out of service for an extended period of time which will cost their
operators operational efficiency and revenue income. Therefore, the
development of an effective field repair method can eliminate significant aircraft
down time and increase value and revenue to owners and customers alike.
Currently, the shortage of reliable field repair technologies that are capable of
addressing the complexity of advanced composite structures creates uncertainty
for aircraft operators and Maintenance Repair and Overhaul (MRO) facilities.
However, the aerospace industry is highly regulated to ensure safety and
reliability for its customers and related personnel. Introducing new repair
technologies into the aerospace industry is difficult, expensive, and time
consuming. According to a research study conducted by Ong, Chu, Ko, and
Shen (1990), in order to certify a patch repair, repaired aircraft must have flown
more than 700 hours and be periodically inspected to determine the aging effects
of the composite patches and adhesives. In another research study by Jones and
Smith (1995), the authors mentioned that an interim repair approval process is
allowed under the Federal Aviation Administration (FAA) Advisory Circular, AC
No: 25.1529-1. However, the final approval for a repair is only given when the
airworthiness has been evaluated on a long term basis. This is especially true
with the certification related to primary structures of composite aircraft. An
effective field repair method for primary aircraft structures must restore the
damaged structure to its required capability in regards to strength, stiffness,
safety, service life, and cosmetic appearance (Sterkenburg & Wang, 2013). The
repair must be easy to apply in the field with minimum equipment requirements
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and have an ambient storage shelf life of one year or more. Additionally, the
development of a self-contained field repair kit that holds all the required
materials and equipment is required. One of the commonly used field repair
methods today is Double Vacuum De-Bulk (DVD). However, with a complex
process that depends highly on operator skills, the DVD repair method can often
be time consuming and inconsistent. In order to improve the efficiency of field
repair methods for primary aircraft structures, the researcher developed the
Composite Aircraft Field Repair Method (CAFRM) for aircraft structural field
repair. This field repair method accomplishes several processes simultaneously:
1) impregnation through infusion of the repair reinforcement (patch) consisting of
a pre-engineered textile preform of carbon fiber; 2) adhesion of the patch to the
substrate; and 3) curing of the thermoset resin to ensure structural performance.

1.2

Background of the Study

One of the first aircraft utilizing composite materials was the British de
Havilland Mosquito of World War II. The de Havilland Mosquito utilized bonded
wood joints extensively throughout its entire structure (Sterkenburg & Wang,
2013). By the 1960s, due to composite material’s high strength to weight ratio
and corrosion resistance compared to traditional aluminum, the popularity of
composite materials had increased and many aircraft began utilizing composite
secondary structures such as fairings, spoilers, and flight controls. Today, aircraft
such as the Boeing 787 Dreamliner and Airbus A350 XWB all contain composite
materials throughout their entire structure including primary structures such as
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the aircraft fuselage and wings as well as secondary structures like fairings and
flight controls. According to a journal article by McConnell (2011), Toray’s
TORAYCA® prepreg was used as the single material for the Boeing 787
Dreamliner primary structures while Hexcel prepregs were used for the Airbus
A350 XWB. Composite components can be fabricated with many different
methods and techniques. However, each different method and technique has its
own advantages and disadvantages. “The most basic method used for
fabricating components is known as the wet layup method” (Lubin, 1982, p.29).
While the cost of wet layup is relatively low, the consistency of quality is very
hard to control due to the method relying heavily on the operator’s experience
and skills to ensure that the component has the correct ratio of resin to fibers.
Aside from the wet layup method, other common fabrication methods include
prepreg fabric layup, DVD, and VaRTM. Currently, “aerospace components
fabricated using prepreg fabrics and cured utilizing an autoclave are considered
as the standard of quality and reliability” (ASM International, 2002, p.392). Due to
the availability of space and resources, aircraft manufacturers typically utilize
autoclaves that are large enough to accommodate entire fuselage sections and
wings. However, in the event of a smaller MRO or repair facility at an airport,
using an autoclave to repair composite damage on an aircraft is generally out of
the question due to the restriction in size and capacity of the smaller autoclaves
being used at these smaller MRO facilities or repair facilities. Due to the
constrains of the autoclave, the aircraft repair industry has been constantly
developing alternative methods aimed at producing components that have the
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same mechanical properties as components fabricated by the autoclave in terms
of component quality and reliability. Some examples of these alternative methods
include DVD and VaRTM. However, out of the two alternative methods, VaRTM
is the only method that is not limited by the physical size of the component being
fabricated or repaired. Advantages of VaRTM over conventional autoclaving
include: reduced energy requirements, reduced cost of tooling, and removal of
size constraints typical with conventional autoclaving (Marsh, 2000).
According to Sterkenburg and Wang (2013), VaRTM is a variation of the
traditional Resin Transfer Molding (RTM) process. VaRTM typically uses singlesided molds as opposed to the expensive matched molds used with the
traditional RTM process. The reason behind the different tool requirement is due
to the injection pressure of the two processes. The high injection pressure of the
RTM process requires sturdy tools constructed with steel or aluminum. For the
lower injection pressure required by the VaRTM, single plate tooling is sufficient
(Barlow et al., 2002). The VaRTM method relies on the pressure differential
between the resin and the vacuum bag to draw resin through the preform of the
component being fabricated. While the resin is being drawn through the preform
of the component, the vacuum bag will perform both resin distribution and
consolidation functions. The impregnated preforms are then left to cure at room
temperature or cured at elevated temperatures in a conventional oven or by heat
blankets. Components cured utilizing conventional ovens are typically not as
limited by size due to the oven’s lower equipment and operating costs that allow
larger oven sizes. In the event of a repair, the repair size and component being
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repaired will only be limited by the size of the actual heating blanket being used.
Therefore, VaRTM, out of all the alternative fabrication methods, provides the
most flexibility and could effectively provide a solution for cases where an
autoclave is not able to accommodate the component being fabricated or
repaired.

1.3

Statement of the Problem

New transport aircraft with advanced composite primary structures are
currently being introduced to the world fleet. These types of aircraft require
substantially different structural field repair technologies than currently available.
Repair methods developed in the 1960s for fiberglass secondary structures are
still used because aerospace companies are reluctant to invest money for
certification of new repair technologies. Numerous research studies have been
conducted on manufacturing methods and techniques by academia and industry
in order to improve the properties of these advanced composite primary
structures to further expand their performance envelope. However, limited
research has been conducted by academia and industry to develop innovative
field repair technologies that are structurally sound, easy to accomplish, and
environmentally safe. According to a study performed by Chiu, Zhou, Wang, and
Baker (2011) regarding battle damage repair of helicopter composite main rotor
blades, it was stated that in order to allow the aircraft to quickly and safely return
to its mission or home base, an efficient field repair method is required. In the
case of fixed wing aircraft, it is very much the same where field repair
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technologies are very important in order to ensure that these new generation
advance composite primary structures are available for service and always
performing to their specifications for performance and safety.

1.4

Purpose and Objectives of the Study

The purpose of the current study was to determine whether component or
repairs fabricated using CAFRM method, DVD repair method, and autoclave
repair method differ in void content, volume fraction, shear strength, and
interlaminar fracture toughness. The data and results gathered from the
Microscopy, Acid Digestion, Short Beam Shear, and Mode I Fracture testing was
used to determine whether the specimens fabricated using the three methods
had similar properties. Based on the results, the researcher was able to
determine whether CAFRM method was suitable as an alternative to DVD repair
method and autoclave repair method.

1.5

Research Question

Did the specimens made by utilizing the Composite Aircraft Field Repair
Method (CAFRM), Double Vacuum De-Bulk (DVD) repair method, and autoclave
repair method differ in void content, volume fraction, shear strength, and Mode I
fracture toughness.
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1.6

Hypotheses

Hypothesis 1
H0: There was no significant difference in void content between specimens made
using Composite Aircraft Field Repair Method (CAFRM), Double Vacuum DeBulk (DVD) repair method, and autoclave repair method.
Ha: There was a significant difference in void content between specimens made
using CAFRM method, DVD repair method, and autoclave repair method.

Hypothesis 2
H0: There was no significance difference in fiber volume fraction between
specimens made using CAFRM method, DVD repair method, and autoclave
repair method.
Ha: There was a significance difference in fiber volume fraction between
specimens made using CAFRM method, DVD repair method, and autoclave
repair method.

Hypothesis 3
H0: There was no significance difference in shear strength between specimens
made using CAFRM method, DVD repair method, and autoclave repair method.
Ha: There was a significance difference in shear strength between specimens
made using CAFRM method, DVD repair method, and autoclave repair method.
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Hypothesis 4
H0: There was no significance difference in opening mode interlaminar fracture
toughness between specimens made using CAFRM method, DVD repair method,
and autoclave repair method.
Ha: There was a significance difference in opening mode interlaminar fracture
toughness between specimens made using CAFRM method, DVD repair method,
and autoclave repair method.

1.7

Significance of the Study

The results from the study will provide the aircraft industry with an
alternative method of fabricating and repairing high quality composite parts that
are suitable for the standards set for the aircraft industry. MRO facilities will have
an alternative method to produce high quality parts and repairs without the high
cost of operating and maintaining a large autoclave similar to aircraft
manufacturers.

1.8

Assumptions of the Study

The first assumption of the study was that all the fabricated specimens
were partitioned in the same conditions where the specimens were defect free
and that there were no delaminations induced within the specimens from the
partitioning process. This meant that all the specimens were equal and that there
should be no existing defects within the specimens that affected the study test
results.
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The second assumption of the study was that all the composite plies
within the specimens were assumed to be laid down exactly in the intended
orientation. With the proper orientations, the specimens were then assumed to
be exhibiting the same properties while under testing conditions such as the
short beam shear test.
The last and final assumption of the study was that all the testing
equipment used within the study was properly calibrated and indicated correct
output data. This meant that all the collected data were within specifications and
that results were not affected by discrepancies within the measuring equipment.

1.9

Limitations of the Study

The limitations of the study were primarily the cost of the materials and
processing needed to fabricate the specimens. Due to the high cost associated
with composite materials, processing materials, and equipment needed for curing
the specimens, the sample size of the study was limited. The results of the study
applied only to the specific material combination used. Any changes within the
material combination such as the resin systems or the fabric material could alter
the results.

1.10 Delimitations of the Study
All the test specimens that were used in this study were fabricated using
the same procedures and the same type of equipment. The materials used to
fabricate the specimens were taken from the same batch of material to avoid
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variations within the source material. The specimens were manufactured during
the same time period and tested all together with the same testing equipment
under the same configuration and settings.
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CHAPTER 2. REVIEW OF THE LITERATURE

The review of the literature provided a foundation and basis to perform
further studies. In this chapter, research and review of literature included the
following areas: The background and history of composite materials, the different
types of fabrication methods, the testing methods, and lastly, the Composite
Aircraft Field Repair Method (CAFRM) that was developed.

2.1

History of Composite Materials

Many different materials can be considered a composite material. A
composite material consists of a combination of two different materials mixed
together to achieved specific material properties (Sterkenburg & Wang, 2013).
However, a physically identifiable interface between the two different materials
remains present. Some of the common composite materials being used today
range from low cost particle board to materials that are very expensive, such as
carbon fiber. Composite materials have a long history in the aircraft industry. The
British de Havilland Mosquito of World War II was one of the earliest aircraft that
utilized composite material for its main structure. The de Havilland Mosquito was
an attack bomber that utilized bonded wood joints extensively throughout its
entire structure. Wood is considered a natural composite material (Sterkenburg &

13
Wang, 2013). Ever since the de Havilland Mosquito, composite materials have
been utilized in numerous aerospace structural applications. During the 1960s,
composite materials have mainly been used on aircraft fairings, spoilers, and
flight controls because of their high strength to weight ratio and corrosion
resistance compared to traditional aluminum. The Airbus A300 was the first
commercial aircraft to utilize a carbon fiber vertical tail section in addition to the
usual composite fairings, spoilers, and flight controls (Sterkenburg & Wang,
2013). The use of composite materials has continued to increase with the
introduction of newer aircraft. Aircraft components such as the horizontal
stabilizers of the Boeing 777, for example, are fabricated with composite
materials. Today, the newest generations of commercial aircraft such as the
Boeing 787 Dreamliner and the Airbus A350 all utilize composite materials for
their fuselage and wing structures.

2.2

Fabrication Methods

With the increased utilization of composite materials for aircraft structures
and helicopter rotor blades, due to the composite material’s high strength to
weight ratio and good fatigue performance, “the maintenance and repair of these
components are vital to ensure that the performance of these composite
components remain the same as they were initially designed” (ASM International,
2002, p.919). Aircraft and helicopters are susceptible to damage from daily
operations such as loading and unloading of passengers and cargo. According to
ASM International (2002), depending on the type of damage sustained, “different
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repair techniques have been developed to address each specific case” (p. 900904). Externally bonded composite repairs have been shown to be effective for
repairing a wide range of cracks or damage to aircraft components and
structures (Paul et al., 1994). An externally bonded repair patch is suited to repair
damaged composite structural components and cracks. External repair patches
were originally used for the repair of military aircraft, but have since been used
on civilian aircrafts. Unlike traditional bolted repairs performed on metallic aircraft
structures, bonded repairs are the most common repairs used with composite
materials (Chiu et al., 1994). According to a study conducted by Baker (1999),
the advantages of utilizing externally bonded composite repairs include the
externally bonded composite repair’s high resistance to damage by cyclic loads,
immunity to corrosion, and high formability that allows easy formation into
complex shapes.
It is stated that bonded repairs offer an alternative repair method to bolted
repairs that can effectively reduce the introduction of unwanted stress risers
caused by the fasteners used in a bolted repair which can severely hinder the
performances of the repair (Caminero et al., 2012). Effectively minimizing the
stress risers within a repair is very important for ensuring the quality and
efficiency of the repair and that leads to the popularity of bonded repairs for
composite structures. Another disadvantage of using a bolted repair will be the
likelihood of damaging the surrounding material while drilling fastener holes.
Composite materials can delaminate from improper hole drilling procedures and
excessive heat will also be generated from the hole drilling. In a study by Nelson,
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Bunin, and Hart-Smith (1983) on predicting composite joint performances, the
authors were specifically concerned with thermal delamination during hole drilling
operations. Hole drilling operations are very similar to partitioning operations of
the specimens. Therefore, in order to reduce the possibility of thermal
delaminations, the researcher will utilize diamond tipped cutting wheels in the
surface grinding equipment and coolant will also be used during the partitioning
process in order to effectively prevent the likelihood of thermal delaminations.
Due to the advantages from utilizing bonded repairs, the researcher will be
developing the Composite Aircraft Field Repair Method (CAFRM) as a bonded
field repair.
There are two types of bonded repairs commonly used to repair structural
damage. The first type of bonded repair is an external patch. The external patch
repair recovers most of the component’s strength and has the advantage of
being easy to perform and does not require a large amount of time to complete
(Caminero et al., 2012). Several design parameters play a vital role in the
effectiveness of bonded external patch repairs. Some of these parameters
include the patch size, patch shape, materials used, patch taper, patch fiber
orientation, and curing temperatures of the patch (Fekih et al., 2012). Care must
be taken during the design phase of these patches in order to ensure that the
stresses induced into the adhesives are within the design limits of both the
material and the operating envelope of the aircraft structure. Most of these
parameters are defined by the manufacturer’s Structural Repair Manual (SRM)
for the specific aircraft structure being repaired. The second type of bonded
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repair is a scarf-type patch. Scarf-type patches provide higher stiffness compared
to external patches due to the matching of the repair plies to the plies in the
original structures. The amount of stress risers in a scarf-type patch repairs are
also lower than external patch repairs. Scarf-type patch repairs are more efficient
in load transfers due to the reduced load eccentricity by matching the neutral axis
of the repair patch to the original structure (Sterkenburg & Wang, 2013).
However, aside from the advantages a scarf-type patch repair has over an
external patch repair, scarf-type patch repairs require a large amount of original
material to be removed in order to maintain a small taper angle. The placements
of the repair plies must also be accurately laid up in the repair joint to the same
orientation and order as the original structure. “The accurate placement of repair
plies can be very challenging and the risks of errors are very high” (ASM
International, 2002, p.891). The performance of the scarf-type patch can also
greatly depend on the curing method utilized to cure the repair. Repairs that are
cured using different methods compared to the original structure can greatly
affect the strength of the repairs and cause a mismatch between the original
structure and the repair patch. Lastly, the flow of adhesives under the scarf-type
repair patch during curing can be hard to control causing the adhesives to gather
at the bottom of the patch creating a non-uniform bondline. Due to all these
characteristics, a scarf-type repair patch can be very time consuming and highly
dependent on the skill level of the maintenance technician due to the requirement
of accurately removing original materials from the structure. The removed
materials are then precisely replaced with new composite materials. With these
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challenges in mind, Sterkenburg and Wang (2013) recommend that if a scarftype repair is to be performed on a part that is not considered to be a lightly
loaded component, the scarf-type patch repair should be performed at a repair
facility where equipment such as an autoclave is available in order to produce
repaired aircraft parts that have the same part strength as the original structure.
Due to the researcher’s proposed CAFRM being a field repair that can be
performed away from the repair facilities with a minimal amount of repair
equipment, the researcher has selected the external patch repair as the ideal
repair type for the study because a scarf-type repair patch requires too much
preparation and is too complex for a field repair system. Another reason for not
selecting the scarf-type repair is the amount of equipment required to perform the
scarf-type repair. Since some of the equipment such as sanders and dust
extracting devices are physically large in size, it is also not suitable for kitting
purposes where contents within the kit should be as compact as possible.
The external patch repair and the scarf-type patch repair only determine
the characteristics and the end results of the repair. Both repair patch types can
be accomplished by different methods. Some of these methods include the
traditional prepreg repair method, the Double Vacuum De-Bulk (DVD) method,
and more recently, the Vacuum Assisted Resin Transfer Molding (VaRTM)
method. According to Adams, Carlsson, and Pipes (2003), preimpregnated
(prepreg) fabric repair method involves the use of prepreg composite materials
that are typically required to be stored in freezers below 0 degrees Fahrenheit to
prevent further curing of the resin because the resins within prepreg materials
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are already at its “B” stage of cure which is between an uncured resin and a fully
cured resin. Prepreg materials are typically cured using equipment like an
autoclave, oven, or heat blankets. Parts repaired using prepreg materials and
cured in an autoclave produce the best properties. However, autoclaves require
a large initial investment from the operator in order to purchase, install, and
operate (Sterkenburg & Wang, 2013). Therefore, smaller repair stations may not
have access to equipment like an autoclave due to the cost involved. Alternative
methods like the DVD and VaRTM were developed to produce repairs that have
similar properties as if they were cured using an autoclave. The DVD method can
be used with both prepreg materials and wet lay-up repair laminates where dry
carbon fiber or fiberglass fabrics are impregnated with resin before usage. In the
DVD method, repair plies that are cut to size and stacked in their specific
orientations are placed in a double vacuum de-bulking assembly where the repair
plies are brought to their required de-bulk and compaction temperatures. Once
the compaction procedure is completed, the repair plies are either prepared for
storage or immediately cured onto the structure being repaired. The DVD method
has produced repairs that have a low void content and compaction similar to
repairs cured using the autoclave (Sterkenburg & Wang, 2013). However, the
DVD method requires the use of a large rigid outer box that usually does not
conform to the aircraft structure. Therefore the repair plies are required to be
compacted off the aircraft structure, the repair plies are then transferred onto the
structure and co-bonded in place using a single vacuum bag process. According
to Sterkenburg and Wang (2013), the size and dimensions of the outer rigid box
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is highly dependent on the size of the repair limiting the DVD method to only
being suitable for smaller repairs.
Some of the disadvantages of the DVD method are effectively solved by
using the VaRTM method. In VaRTM, dry carbon fiber or fiberglass fabrics are
used. The dry fabric is first cut to size and stacked up in the desired orientation.
The dry fabric is then positioned onto the structure using a double vacuum bag
process and resin is then drawn into the vacuum bag to impregnate the dry fabric
with the aid of a transfer medium. Once the resin has successfully impregnated
the dry fabric, the repair is then cured onto the structure. According to ASM
International (2002), curing of the repair can be performed using “a heat bonder
and heat blankets that are controlled and monitored by thermocouples” (p. 897).
In a study conducted by Brouwer, van Herpt, and Labordus (2003), it was stated
that the VaRTM method is a clean and closed mold method that is capable of
manufacturing complex composite components with low void content and high
volume fraction. Based on a study by Kedari, Farah, and Hsiao (2011), it was
determined that stronger vacuum, higher mold temperature, and reduced inlet
pressure can produce VaRTM parts with high fiber volume fraction and have low
void content. Therefore, the VaRTM method’s sensitivity to air leaks from the
vacuum bag is essential to the quality of the components due to the requirement
of a strong vacuum. Aside from the VaRTM method’s sensitivity to air leaks, the
void content over the entire part is also not uniform in a component produced
using the VaRTM method (Kuentzer et al., 2007). Taking the disadvantages of
the VaRTM method into account, the flexibility of the VaRTM method for different
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repair situations and the minimal equipment required to perform the repair leads
the researcher to believe that the VaRTM method is ideal for the proposed
CAFRM.

2.3

Testing Methods

Field repairs performed on an aircraft structure are performed in
accordance with the manufacturer’s Structural Repair Manual (SRM). These
repairs from the SRM are approved by the aircraft manufacturer to be the proper
repair procedures for specific damages sustained by the aircraft structure.
According to Sterkenburg and Wang (2013), all repairs should be performed by
following instructions called out in the SRM. The SRM are prepared by the
manufacturer and subsequently approved by the Federal Aviation Administration
(FAA). If the damage to the aircraft structure exceeds the limits covered by the
SRM, a Designated Engineering Representative (DER) or the original equipment
manufacturer needs to be involved in order to approve the proposed repair
procedure. According to the FAA (2010), SRM requires all repair procedures to
be followed precisely. The FAA (2010) also requires “all repair procedures to be
performed by a technician who has received the required training and
certifications for the aircraft structure being repaired” (p. 453). All the repair
procedures within the SRM are designed by the manufacturer with the objective
of restoring the damaged aircraft structure to its design limits in terms of strength,
stiffness, safety, durability, and appearances. Therefore, the validations of field
repairs are typically performed by the manufacturer.
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In this study, the data collected from the microscopy, acid digesting, short
beam shear, and Mode I fracture testing of the specimens fabricated using an
autoclave, DVD, and CAFRM will be used to determine the mechanical
properties of the specimens. According to Huang and Talreja (2005),
manufacturing defects induced in composite materials can be due to the fiber
misalignment, irregular fiber distribution, and broken fibers. Within the matrix,
defects can be due to voids. Finally in the interfacial regions, defects are due to
de-bonding and delaminations. In this study the specimens fabricated using an
autoclave method will be treated as the standard accepted by the industry while
the researcher will determine whether specimens fabricated by DVD and CAFRM
can replicate or surpass the properties of the autoclave fabricated specimens.
Graphite-epoxy composite materials consist of layers of carbon fiber and
an epoxy resin matrix. The carbon fiber is used as reinforcement to ensure the
mechanical properties while the epoxy resin matrix ensures the uniform
distribution of the mechanical stresses, provides environmental protection for the
carbon fiber reinforcement, and gives the component the desired shape
(Grimberg et al., 2001). The void content of a composite component is vital to the
composite component's properties. Voids are defects induced during the
manufacturing phase. When voids are present, they can decrease the static and
fatigue strength of the laminates and cause the composite component to be
vulnerable to water penetration and the environment that the component
operates in (Almeida & Neto, 1994). According to Costa, de Almeida, and
Rezende (2001), there are many variables to consider when determining the
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influence of voids on mechanical properties. The variables include void sizes,
void shapes, and the physical location of the voids. However, before the effects
of voids can be explained, one must first understand what voids are in regards to
composite structures. Voids form in the composite component’s matrix due to the
entrapped air, moisture, solvents, or by-products that are present before or
emerge during the curing procedure (Varna et al., 1995). In other words, voids
are microscopic cavities within the composite component’s matrix that can affect
the composite component’s properties and long term durability. In a study
conducted by Grunenfelder and Nutt (2010), the authors investigated the effects
of resin moisture content on void formation within the laminate. Grunenfelder and
Nutt concluded that voids within the laminates increase substantially as resin
moisture content increases for non-autoclave processes. Therefore, minimizing
the resin’s moisture accumulation as much as possible is vital in minimizing voids
within the composite component in order to insure the component’s performance.
For a composite component fabricated using an autoclave, according to Adams,
Carlsson, and Pipes (2003), a “void content of less than 1% is the common
standard” (p. 51). Specimens with void content of less than 1% but greater than
0.5% are considered to be a grade C and “good” specimens. Specimens with
void content of less than 0.5% but greater than 0.2% are considered to be a
grade B and “very good” specimens. Finally, specimens with void content of less
than 0.2% are considered to be a grade A and “excellent” specimens (Purslow,
1984). By utilizing the microscopy test, the researcher will be able to determine
the amount of voids within the specimens fabricated using the three different
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methods. The specimens will be partitioned into small sections that will be
incased within a clear resin to create viewing samples. According to a study
performed by Lorbach, Hirn, Kritzinger, and Bauer (2012), fiber tilting towards the
image plane will have a fiber image that is distorted and appear larger than the
true cross section of the fiber. Therefore, the researcher must insure that the
specimens are vertically incased within the clear resin in order to prevent fiber
tilting. The viewing samples will then go through a series of polishing cycles with
different abrasives to remove any microscopic scratches on the viewing surface
that can obstruct the researcher’s view under the microscope. Once the viewing
samples are polished and all surface imperfections are eliminated, the viewing
samples will be placed under the microscope where snapshots of the specimen’s
cross sections will be taken. The snapshots will then be loaded into computer
software where the researcher will be able to determine the amount and size of
voids within each specimen.
The fiber volume fraction of a composite component is the second qualityrelated characteristic being tested in this research study. Fiber volume fraction is
the ratio of fiber to the matrix material within a given section of a composite
component. According to a research study conducted by Jasso, Goodsell,
Ritchey, Pipes, and Koslowski (2011), there is a large variability within the
microstructure of a fiber reinforced composite polymer. Sources of the variability
include fiber misalignment, variability in fiber diameter and fiber packing. This
variability leads to irregularities in the sample’s fiber volume fraction. The fiber
volume fraction is another characteristic that can significantly affect the
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properties and the performance of a composite component. In a research study
conducted by Cohen, Mantell, and Zhao (2001), the importance of fiber volume
fraction was illustrated with the statement that as the fiber volume fraction
decreases, the strength of the respective composite component will
proportionally decrease with it. In another research study by Karam (1991),
Karam stated that tensile and bending strengths of composites increases linearly
with fiber volume at low fiber volumes of less than 30%. Once the fiber volume
has surpassed 30%, the relationship is no longer linear and in some cases, the
strength will reach a maximum and start to decrease as fiber volume continue to
increase. The loss of strength is due to the packing problems of the fibers and
the incomplete penetration of the matrix. Another reason for the loss of strength
is due to the lack of matrix materials to transmit the stresses from the matrix to
the fibers and back. Therefore, it is important to be able to determine the fiber
volume fraction of a composite component. The stiffness and strength properties
of a composite component depend strongly on the fiber volume fraction. There
are many different techniques used to determine a composite component’s fiber
volume fraction. “Some of these techniques include chemical matrix digestion
commonly known as acid digestion method, burn-off technique, or
photomicrographic technique otherwise known as microscopy” (Adams et al.,
2003, p.49). The researcher decided to utilize the chemical matrix digestion (acid
digestion) technique because it is a test performed in accordance with the ASTM
D 3171 testing standard. Aside from the chemical matrix digestion (acid digestion)
technique, the photomicrographic technique and the burn-off technique are not
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standardized tests that are commonly performed within industry to determine
fiber volume fractions. While performing the chemical matrix digestion (acid
digestion) technique, careful considerations must be given in the selection of a
chemical digesting medium, such as nitric acid, that does not damage the fibers
to ensure that the fiber volume fractions measured are accurate and reliable.
Specimens fabricated using the three manufacturing methods will be partitioned
into 50 mm (2 in.) wide and 50 mm (2 in.) wide sections and these partitioned
sections will be weighed to determine the total weight of the fibers and matrix
material. A specific amount of Nitric acid will be heated in a beaker with a Bunsen
burner to a controlled temperature where the acid starts to fume but before the
acid starts to boil. The partitioned sections of the specimens will be submerged
into the heated acid and left in the acid until all the matrix material has been
dissolved. The remaining fibers will then be washed three times with nitric acid
and then washed again with water to remove any remaining nitric acid. The
cleaned fibers will then be placed into an oven at 100°C (212°F) for 90 minutes
for drying before the fibers are weighed again to determine how much of the
original total weight is removed by the chemical digesting medium. The chemical
matrix digestion (acid digestion) technique assumes that there are no voids
within the specimens being tested. With the fiber volume fraction of the different
specimens measured, the researcher will then be able to compare the fiber
volume fraction between specimens fabricated using an autoclave to the
specimens fabricated using the DVD method and the CAFRM method.
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Many validation test methods apply to composites, these test methods
includes tension, compression, flexural, and shear tests (Adams et al., 2003).
Tensile tests commonly employ clamping grips at each ends of straight-sided
specimens and the specimens are place under tensile loads until the specimen’s
ultimate failure. Compression tests are very much the opposite of tensile tests.
Instead of loading the specimens under tensile loads, the specimens are
subjected to compression loads until their ultimate failure. However, special
testing fixtures are required to prevent the specimens from buckling under
compression loads. There are two main types of flexural tests. The first type is
known as a three-point flexural test and the second type is known as a four-point
flexural test. Both types of flexural tests are designed to test the flexural
properties of the composite material. When performing the flexural test, a strip of
specimen with constant width and thickness is placed onto a three- or four-point
bending fixture and tested until its ultimate failure. The shear test is designed to
measure the shear modulus or shear strength of the composite material. There
are five common types of shear tests and these includes the Losipescu shear
test, two- and three-rail shear tests, tension shear test, and short beam shear
test (Adams et al., 2003).
The third test that the researcher will perform for this research study is the
short beam shear test. The short beam shear test is performed in accordance to
the ASTM D 2344 testing standard. According to Adams, Carlsson, and Pipes
(2003), the short beam shear test is comprehensively used for the purpose of
materials screening and quality control of composite components. Compared to
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other test methods, the “short beam shear test provides a quick and economical
method of testing the composite components under shear stress” (p. 118). The
short beam shear test was chosen due to the short beam shear test’s proven
sensitivity to the defects within a specimen (Koushyar et al., 2012).
In a study conducted by Rosselli and Santare (1996), Rosselli and
Santare also agree that the short beam shear test can be used to determine the
quality of manufacturing for composite components. The short beam shear test
uses specimens that have a low span length to thickness ratio of 4. The test
specimens are tested under three-point loading utilizing a three-point bending
test fixture that introduces the specimens to bending and interlaminar shear
stresses. According to Adams, Carlsson, and Pipes (2003), when a specimen is
under bending stresses, the “top surface of the specimens are under
compressive loads and the bottom surface of the specimens are under tensile
loads” (p. 118). The data collected from the short beam shear test provides the
researcher with another method of determining the quality differences of the
specimens that are fabricated with different methods. The data collected from the
short beam shear test shows the interlaminar failure resistance of the composite
component (Bai et al., 1996). Therefore, with the data collected from the short
beam shear test the researcher would be able to compare the interlaminar failure
resistance of specimens fabricated using the autoclave method to the specimens
fabricated using the DVD method and the CAFRM method.
The last test that the researcher will perform for this research study is the
Mode I fracture test. The Mode I fracture test is performed in accordance to the
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ASTM D 5528 testing standard. According to Adams, Carlsson, and Pipes (2003),
Mode I fracture testing utilizes Double-Cantilever Beam (DCB) specimens and is
used to determine the opening mode interlaminar fracture toughness of
composite materials. Delamination is one of the major weaknesses of composite
structures and bonded repair joints (American Society for Testing and Materials,
2005). ASTM also stated that interlaminar fracture toughness is the ability of a
composite structure or bonded repair joint’s resistance to delamination (American
Society for Testing and Materials, 2005).
Due to all the other test methods in this research study utilizing thin
laminates, the researcher is required to address the low flexural rigidity of the
specimens. According to a study performed by Naik, Crews, and Shivakumar
(1991), when the DCB specimens being tested have a low flexural rigidity,
stiffening plates can be used to prevent excessive amounts of deflection.
According to a research study conducted by Gordon (2011), two 16 ply stiffening
plates fabricated with prepreg fabric were used for each DCB specimen.
Therefore, the researcher for the current study will fabricate stiffening plates and
bond the stiffening plates to the DCB specimens in order to reduce the amounts
of deflection of the DCB specimens during the Mode I fracture testing. The data
collected from the Mode I fracture test determines the opening mode interlaminar
fracture toughness of composite materials. Therefore, with the data collected
from the Mode I fracture test the researcher was able to compare the opening
mode interlaminar fracture toughness of specimens fabricated using the
autoclave, DVD, and CAFRM method.
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Data from microscopy, acid digesting, short beam shear, and Mode I
fracture testing of the specimens fabricated using the autoclave, DVD, and
CAFRM was collected with the aim of determining the quality of the specimens
fabricated with the three different methods. The data allows the researcher to
effectively compare the specimens and determine if CAFRM can be used to
manufacture composite components that are equivalent in quality to composite
components manufactured in an autoclave or using the DVD process.

2.4

Composite Aircraft Field Repair Method (CAFRM)

The current research study proposes a new manufacturing method called
Composite Aircraft Field Repair Method (CAFRM). CAFRM is a modified
manufacturing method that is based on Vacuum Assisted Resin Transfer Molding
(VaRTM) process. VaRTM is similar to a different process known as Resin
Transfer Molding (RTM). However, instead of utilizing a two-part rigid mold
required by the RTM method, VaRTM, according to Correia, Robitaille, Long,
Rudd, Simacek, and Advani (2005), requires only a one-part rigid mold that is
sealed in a vacuum bag. Dry fibers are laid in their desired orientations on the
rigid mold and a layer of flow medium is used to aid with the resin transfer within
the vacuum bag. The air within the vacuum bag is then evacuated to compact the
dry fibers between the vacuum bag and the rigid mold. Using the pressure
differential within the vacuum bag, the resin is then drawn through the compacted
dry fibers. The use of VaRTM provides a flexible manufacturing solution and
reduced manufacturing cost compared to RTM. The flexibility of VaRTM allows
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for a wide variety of component sizes to be manufactured. Component sizes can
vary from complete boat hulls to mobile phone casings. The reduced
manufacturing cost mainly comes from the reduced need for tooling because
only one rigid mold for manufacturing is required instead of the two used for RTM.
The fabrication cost and maintenance of manufacturing molds can be very
expensive and time consuming especially as the molds increases in size. VaRTM
utilization of dry fibers and two part resin systems also provides the user with the
option of using materials that do not require a freezer for storage. Without the
need for freezer storage, the costs can be further reduced for the manufacturers
and prolonging the material’s storage life (ASM International, 2002).
Aside from manufacturing applications, VaRTM has also been used for
aircraft repair applications. However, there are many different methods and
combinations of materials used for VaRTM aircraft repairs. In a research study
conducted by Wang, Sterkenburg, Rahm, and Dubikovsky (2010), a four ply
carbon fiber repair patch was combined with a titanium foil to repair a damaged
aircraft structure. The repair restored 83% of the original strength but the final
result was limited due to adhesion failures between the repair patch and the
original structure. The titanium foil was used in this repair to both seal the
damaged structure from the surrounding environment and also allow vacuum to
be drawn on the damaged surface. For the repair patch, four plies of carbon fiber
were sewn together with one ply of peel ply and one ply of transfer medium. The
repair patch was then sealed in a vacuum bag and a two part resin was drawn
through the repair patch via inlet and outlet tubes. In the repair method utilized by
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Wang, Sterkenburg, Rahm, and Dubikovsky (2010), the repair plies were sewn
together in order to keep the plies in their desired orientation. However, dry
fabrics are difficult to handle and can be easily warped or damaged when sewn
together by a sewing machine. Aside from the sewing of the repair patch plies,
the sensitivity of VaRTM method to air leaks within the vacuum bags is also a
concern; the quality of the vacuum bag is very dependent on the repair
technician’s skills and experience.
One of the advantages of VaRTM is that the process can be tailored to
many different types of resin systems depending on the application. However,
there are still limitations in the selection of resins. The resin must be viscous
enough to be drawn through the dry fabric under vacuum pressure. Aside from
the traditional room temperature and elevated temperature curing resin,
ultraviolet (UV) curing resin may be used with VaRTM for rapid curing of the
repairs. In a study conducted by Wang, Sterkenburg, Buland, and Dubikovsky
(2010), UV cured vinyl ester resin was incorporated into VaRTM. The repair is
capable of reducing the 12 hours curing time of conventional room temperature
curing resin to 1.5 hours. Fiberglass repair patches were used for that study and
those repair patches were capable of restoring 87.21% of the original strength.
However, due to the UV light cure resin’s requirement of UV light exposure to
initiate the curing reaction, fiberglass was the only composite material
transparent enough to be used for the repair patch. Carbon fiber was not
compatible with the UV light cure resin because the UV light was unable to
penetrate through the carbon fiber material. Although fiberglass patches using
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UV light cure resin and VaRTM combination are an appropriate replacement for
current wet layup procedures performed on areas such as aircraft fairing and
control surfaces, the incompatibility with carbon fiber makes the method
unsuitable for aircraft structural repairs which are primarily fabricated using
carbon fiber materials.
In order to address patch sewing issues, the researcher proposes the use
of tackifier spray to provide an efficient method for positioning the repair plies.
The tackifier spray will temporarily bond carbon fiber dry fabric plies and other
materials such as the transfer medium, peel ply, and the scrim cloth in position
during the fabrication process. This will allow the technician to work with the
materials easily and prevent damaging and warping of the materials during
handling. A scrim cloth will be used in order to control the bondline thickness of
the repair patch. Bonding adhesives will not be used for the repair patch and the
bonding will be accomplished with the resin used for impregnation of the fabric.
The researcher decided against the use of bonding adhesive for two reasons.
First, the CAFRM is a rapid repair method. Therefore, curing the repair patch and
then bonding it to the structure with bonding adhesive defeats the main purpose
of the CAFRM as a rapid repair method. The second reason was the tendency
for the bonding adhesive to absorb moisture during storage and produce
unpredictable properties. Water absorption by the adhesive increases the
adhesive’s ductility and reduces the adhesive’s rigidity. The efficiency of an
adhesively bonded composite repair is heavily affected by the humidity absorbed
by the adhesive (Oudad et al., 2012).
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According to a research study conducted by Ouinas, Hebbar, Bouiadjra,
Belhouari, and Serier (2009), the strength properties of the repair patch decrease
when the patch thickness increases. Therefore, the repair should only be utilized
on thin 4-8 ply laminate sections and components. The repair plies will be
progressively smaller by 1 inch diameter for every ply creating a tapered repair
patch. According to a research study performed by Ramji and Srilakshmi (2012),
a bonded composite patch shifts the maximum stress from the damage or crack
to the edge of the repair patch increasing the likelihood of failure to occur at the
patch edge. Tapering of the patch edge can effectively reduce the peel stress
experienced by the repair patch. In another research study conducted by Okafor,
Singh, Enemuoh, and Rao (2005), the potential of adhesively bonded composite
patch repair for cracked aluminum aircraft panels was being investigated. Okafor,
Singh, Enemuoh, and Rao found that maximum skin stress of an unrepaired
panel is located at the crack or damage. However, once the panel is repaired, the
skin stress shifts from the crack or damage to the patch edges. In a study by
Achour, Bouiadjra, and Serier (2003), the authors found that the reduction of the
skin stress can be as high as 30%. Aside from the reduction of stress intensity,
the reduction of stress intensity also leads to an increase in the fatigue life of the
structure (Kaddouri et al., 2008).

2.5

Review of the Literature Summary

After reviewing the body of literature, externally bonded composite repairs
have been shown to be effective for repairing a wide range of cracks or damage
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to aircraft components and structures (Paul et al., 1994). The advantages of
utilizing externally bonded composite repairs include the externally bonded
composite repair’s high resistance to damage by cyclic loads, immunity to
corrosion, and high formability that allows easy formation into complex shapes
(Baker, 1999). There are two types of bonded repairs commonly used to repair
structural damage. The first type of bonded repair is an external patch. The
external patch repair recovers most of the component’s strength and has the
advantage of being easy to perform and does not require a large amount of time
to complete (Caminero et al., 2012). The second type of bonded repair is a scarftype patch. Scarf-type patch repairs are more efficient in load transfers. However,
due to its complexity, the scarf-type patch repair should be performed at a repair
facility where equipment such as an autoclave is available in order to produce
repaired aircraft parts that have the same part strength as the original structure
(Sterkenburg & Wang, 2013).
Both repair patch types can be accomplished by different methods such
as the traditional prepreg repair method, the Double Vacuum De-Bulk (DVD)
method, and Composite Aircraft Field Repair Method (CAFRM). Data from
microscopy, acid digesting, short beam shear, and Mode I fracture testing of the
specimens fabricated using the autoclave, DVD, and CAFRM will be collected
during the present study with the aim of determining the quality of the specimens
fabricated with the three different methods.
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CHAPTER 3. METHODOLOGY

In this chapter the methodology that was used in this study to fabricate,
prepare, and test the specimens were discussed. Steps used for the fabrication
of the specimens were explained and supported with figures to explain the
fabrication steps.

3.1

Type of Research Study

Research studies could be divided into two major categories, quantitative
research and qualitative research. While both categories served the same
purpose of collecting and analyzing data to further assist in the understanding of
certain topics or issues, the processes used to arrive at such understanding were
different. However, before the differences between the two categories are
discussed, it is vital to first understand what research is. “Research consists of
three individual steps, posing a question, collecting data in order to answer the
posed question, and answering the posed question” (Creswell, 2012, p.3). In the
step of proposing a question, questions can involve anything related to the
researcher’s field of study or anything that can be beneficial to the existing body
of knowledge. The second step of collecting data in order to answer the
proposed question required the researcher to employ one or more of the existing
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data collection techniques in order to gather enough information for analysis. The
third and final step of answering the proposed question involved the analysis of
data that was collected in the second step. The analysis of data required the
researcher to utilize suitable statistical methods and reasoning to interpret the
collected data. Once the data interpretation was achieved, the researcher was
able to propose an answer and conclusion for the proposed research question.
In the current study, the researcher determined whether a quantitative
research design or a qualitative research design would be used. “A quantitative
research design is best suited when a specific question is asked in order to
collect data that is measurable and observable on the specified variables”
(Creswell, 2012, p.14). Only a few variables that the researcher believed would
affect the research question could be used in a quantitative research design and
data was collected based on these identified variables for measurement and
analysis. An instrument was developed for the data collection phase of the
quantitative research design. Some examples of commonly used instruments are
survey questionnaires and standardized tests with the latter being the instrument
of choice for the researcher to conduct this study. The objective of the
standardized tests was to take the data from a small batch of samples and
potentially generalize the results. However, before the collected data could be
used to generalize the results to all the other repairs, the collected data had to be
analyzed and interpreted. In quantitative research design, the analysis and
interpretation of data was accomplished using statistics. By doing so, the
researcher was able to compare the variables and identify the differences
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between them. The statistical analysis of variables was used to interpret the
different levels of effectiveness of each repair method and provided the
researcher with a solution to the research question (Gay et al., 2012).
“Qualitative research is best suited when the researcher does not want to
state any hypotheses for their research question before data are collected” (Gay
et al., 2012, p.7). The research question for a qualitative method revolves around
a central phenomenon or theory and the participants involved in the research
study. Data collection in a qualitative research design is typically accomplished
by utilizing tools such as an interview or observation protocol. The interview
protocol involves questionnaires for the participants to answer either in an oral or
written fashion. The observation protocol on the other hand requires the
researcher to observe the behavior of participants and record these behaviors in
the researcher’s notes. Both of these common data collection tools provide the
researcher with text or image data. In the case of an oral interview, the
recordings of the interview are required to be transcribed by the researcher and
converted into a dataset composed of words for further analysis. The data
collected with the various data collection tools will then be analyzed based on
specific words or behavior. Text segments of the data will be examined and the
meaning of these segments will be interpreted to support the central
phenomenon or theory. The interpretations are then compared to existing
research to determine relevance and used as information for the researcher to
construct a conclusion to the proposed research question.
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Based on the differentiation between quantitative research methods and
qualitative research methods, the researcher determined that a quantitative
research method was better suited to the current study. The researcher used an
experimental design within the quantitative research methods.
According to Leedy and Ormrod (2013), experimental designs require the
researcher to consider different possible factors that can affect a specific
outcome. Once the factors are determined, the researcher will control any factors
that can influence the outcome except the factors that had been identified for the
study. In the current study, factors such as different manufacturing methods were
examined to determine their effect on the void content, volume fraction, and
shear strength of the samples. Therefore, the researcher believed that an
experimental design was best suited for this research study.
When research is directly designed to solve issues that are related to
current procedures and practices in society, it is referred to as applied research.
However, “when an applied research study is related to the researcher’s
immediate work environment, with the aim of solving problems within the
researcher’s immediate work environment, the research is then referred to as
action research” (Leedy & Ormrod, 2013, p.27). With an applied focus, action
research methods are similar to a mixed methods design where both quantitative
data and qualitative data are collected. However, action research design focuses
more on procedures that are helpful in solving a practical problem within the area
of research. Action research designs are “systematic procedures that the
researcher uses to collect quantitative and qualitative data to search for
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improvements within their area of research” (Creswell, 2012, p.22). Creswell
(2012) also states that there are two types of action research design. The first
type is known as the practical action research where the researcher seeks to
improve the practices and procedures through the use of a systematic study to
solve a local problem. The second type of action research design is known as the
participatory action research. In participatory action research, instead of the
researcher focusing on solving local problems, the researcher focuses on
research that will contribute to changes within society. Therefore, participatory
action research has the purpose of improving the quality of organizations,
communities, and family lives. Action research design involves four basic cycles
that include steps such as plan, act, observe, and reflect where the researcher is
systematically refining methodologies to better apply to study situations. Some
typical applications of an action research design may include “real situations
where an instructor is trying to solve classroom discipline issues within his or her
classes” (Creswell, 2012, p.22). Action research provides the researcher with the
opportunity to reflect on existing processes and make appropriate adjustments to
the processes to keep up with changes. The action research design applied to
the researcher’s proposed study. During the development phase of the proposed
new method for Vacuum Assisted Resin Transfer Molding (VaRTM), called
Composite Aircraft Field Repair Method (CAFRM), the researcher was required
to plan specific and periodic changes to the design based on previous trials.
Once planning was completed at each stage, the changes were applied to the
existing designs and additional specimens were fabricated with the new design.
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The specimens fabricated with the new design were examined to determine
whether the changes made were effective in correcting previous flaws. After
examining the specimens, the researcher reflected on the changes and
determined whether additional changes were required to further improve the
process of the proposed CAFRM.

3.2

Research Question

Did the specimens made by utilizing the Composite Aircraft Field Repair
Method (CAFRM), Double Vacuum De-Bulk (DVD) repair method, and autoclave
repair method differ in void content, volume fraction, shear strength, and Mode I
fracture toughness.

3.3

Hypotheses

Hypothesis 1
H0: There was no significant difference in void content between specimens made
using Composite Aircraft Field Repair Method (CAFRM), Double Vacuum DeBulk (DVD) repair method, and autoclave repair method.
Ha: There was a significant difference in void content between specimens made
using CAFRM method, DVD repair method, and autoclave repair method.
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Hypothesis 2
H0: There was no significance difference in fiber volume fraction between
specimens made using CAFRM method, DVD repair method, and autoclave
repair method.
Ha: There was a significance difference in fiber volume fraction between
specimens made using CAFRM method, DVD repair method, and autoclave
repair method.

Hypothesis 3
H0: There was no significance difference in shear strength between specimens
made using CAFRM method, DVD repair method, and autoclave repair method.
Ha: There was a significance difference in shear strength between specimens
made using CAFRM method, DVD repair method, and autoclave repair method.

Hypothesis 4
H0: There was no significance difference in opening mode interlaminar fracture
toughness between specimens made using CAFRM method, DVD repair method,
and autoclave repair method.
Ha: There was a significance difference in opening mode interlaminar fracture
toughness between specimens made using CAFRM method, DVD repair method,
and autoclave repair method.
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3.4

Reliability and Validity

The reliability and validity of study procedures determines the quality of a
study’s data collection. According to Gay, Mills, and Airasian (2012), errors in the
data collection phase can “affect the researcher’s final conclusion and invalidate
study findings” (p. 342). Therefore, effectively maintaining the reliability and
validity of the measuring instruments are vital to the results of a research study.
The relationship between reliability and validity is complex. Reliability and validity
can be overlapping in certain situations and exclusive from each other in other
situations. However, the ideal situation is for the collected data to be both reliable
and valid, so that the data can be “accurate and meaningful to the research study”
(Creswell, 2012, p.159).
“Reliability is the consistency of the results collected from the measuring
instruments when the entity being measured remains the same” (Leedy &
Ormrod, 2013, p.92). There are three methods suggested by Leedy and Ormrod
(2013) to improve the reliability of a measuring instrument. The first method is to
always utilize and perform the measurements in a consistent manner. The
measurement and data collection of the specimens must follow a standardized
procedure to ensure that all the specimens are treated and measured in the
same way. The second method is to establish a specific criterion for the
researcher to evaluate the specimens. The last method was to ensure proper
training on the usage of measuring instruments for the researcher and any other
personnel participating in the study. “Differences in or improper utilization of
measuring instruments can lead to poor reliability of the data collected” (p. 92).
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All of the three methods mentioned above were in place for the researcher to
ensure the specimens were measured and studied with an identical procedure to
effectively control unwanted errors caused by the variations within the
procedures. All the specimens, regardless of manufacturing methods, were
tested with the same testing equipment and with the same procedures.
Variations such as testing speed and data collection intervals remained constant
for the study.
The validity of a measuring instrument according to Leedy and Ormrod
(2013) is whether the measuring instruments are measuring what it was
designed to measure. The validity of a measuring instrument can come in
many different forms that are suitable for different situations. The first form
is known as face validity. Measuring instruments based on face validity
refers to an instrument that seems like it is measuring a specific
characteristic. Often used as a method to ensure a participant’s
cooperation, it is typically not very dependable due to its dependence on
subjective judgments. The second form is known as content validity.
Measuring instruments based on content validity is an instrument that
creates a representative sample of the domain being studied. The
measurements should have an appropriate proportion reflecting the
domain being studied. The third form is known as criterion validity. The
measuring instruments based on criterion validity collect data that
correlates with other related measures. The fourth form is a measuring
instrument based on construct validity where measuring instruments are
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measuring data that cannot be directly observed but are assumed to exist
(p. 89-90).
Another form of measuring validity was to use a measuring instrument that
measures concurrent validity where it shows that the test performed is valid by
comparing it to an existing valid test (Heffner, 2004). Leedy and Ormrod (2013)
suggested three methods for securing validity of a measuring instrument. The
first method was by utilizing a table of specifications where the researcher would
create a grid indicating important topics to behavior combinations and developed
test items that reflected the indicated combinations. The second method was a
multitrait-multimethod approach. In the multitrait-multimethod approach, two or
more different characteristics were measured using different approaches. The
resulting data with the same characteristics should be highly correlated while the
resulting data with different characteristics should not be correlated. The last
method was the judgment of a panel of experts. In this method, “experts from the
topic area being studied were asked to evaluate the measuring instruments and
opinions about the validity of the measuring instruments that was evaluated”
(p.90-91). The measuring instruments used focused on concurrent validity and
were accepted by experts within industry, and were used to meet testing
standards set by the industry.
There were three primary threats to reliability and validity in the
researcher’s study. The first threat was the measuring instruments used to
evaluate the specimens. In the microscopy evaluation process, specimens were
viewed under a microscope. With the aid of computer software, areas of fibers,
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voids, and matrix were identified from the cross sections of the specimens based
on the different shades of pixels within the snapshots. However, the software
required the researcher to indicate which section of the shade spectrum applied
to the fibers, voids and the matrix. The distinction between fibers and matrix
relied on a chosen “threshold” grey level and was highly dependent on the quality
of the image being analyzed (Guild & Summerscales, 1992). For the current
study, a standardized spectrum was identified before the specimens were
evaluated. According to a study conducted by Carrasco, Lenes, Johnsen, and
Hult (2009), where the efficiency of manual and automatic microscopy
techniques were compared, the authors stated that cross-sectional images of
fibers were very complex because the fibers contain several different elements.
Large amounts of time and effort were required from the operator when
classifying the elements using the manual method. Therefore, the researcher
decided on a specific spectrum for each component of the specimens before
performing a microscopy test and relied on the exact same spectrum for all the
specimens being evaluated. Multiple areas of each specimen were evaluated in
an attempt to obtain an average measurement for each component within a
specimen in order to further improve the reliability of the collected data. Multiple
specimens were evaluated from each manufacturing method to ensure that the
data collected was consistent between each specimen manufactured using the
same methods. The measurement instruments being used for microscopy did not
experience any threats to validity as the measuring apparatus was specifically
designed for such purposes.
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The second threat to reliability related to the acid digestion test to
measure the volume fraction of specimens. The acid digestion test required
specimens to be soaked in heated acid to dissolve the matrix from the specimens
leaving behind the fibers only. After the matrix materials were dissolved, the
fibers went through a washing and drying process to ensure that no moisture was
left on the fibers to affect the fiber’s weight. In order to effectively control the
threats the same amount and type of acid for each acid digestion test were used.
The acid used came from the same bottle to ensure that the components within
the acid remain the same in case of manufacturing discrepancies. The acid was
heated to the same temperature and all the specimens being tested were left to
dissolve for the same amount of time. Finally, the remaining fibers were washed
with the same amount of water and dried using the same drying equipment for
the same amount of time. The amount of time between drying and weighing of
the fibers was controlled to ensure that no additional moisture from the
surrounding environment could accumulate onto the fibers due to the extended
exposure to moisture within the surrounding air. There were also no threats
associated with the validity of the acid digestion test since this was a common
test within the composite industry. According to Adams, Carlsson, and Pipes
(2003), “The acid digestion test is a standardized test of the American Society for
Testing and Materials (ASTM) known as the ASTM D 3171 test standard that
involves the dissolving of the matrix in a heated digestion medium” (p. 49).
The third threat to reliability was related to the short beam shear test of the
specimens. The short beam shear test involved the specimens to be partitioned
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into specific dimensions and tested utilizing a tensile tester under the three point
bending configuration. To ensure the reliability of the data collected for the short
beam shear test, the researcher was following the ASTM D 2344 testing
standard in terms of specimen dimensions. Based on a study by Sergueeva,
Zhou, Meacham, and Branagan (2009), testing results were dependent on the
property of the material and testing conditions such as temperature. Therefore,
all the specimens were partitioned within the specified tolerances using the same
surface grinding equipment. The partitioned specimens were all tested in the
same session using the same Sintech 30/D tensile testing apparatus to ensure
the specimens were tested under the same environment conditions and the
same testing loads.
The last threat to reliability was related to the Mode I fracture test of the
specimens. The Mode I fracture test involved the specimens to be partitioned into
specific dimensions called for by the ASTM D 5528 testing standard and tested
utilizing a universal tensile tester. In order to ensure the reliability of the data
collected for the Mode I fracture test, the test followed the testing procedures of
the ASTM D 5528 testing standard. All the specimens were partitioned within the
specified tolerances using the same surface grinding equipment. The DCB
specimens were all tested in the same session using the same Sintech 30/D
tensile testing apparatus. This ensured the specimens were tested under the
same environment conditions and the same testing loads.
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3.5

Sampling Plan

Statistical power and confidence can determine the planning, execution,
and results of a research study. Statistical power is the probability that the
statistical test will correctly reject the null hypothesis. In order for a researcher to
accept or reject the null hypothesis, the researcher must be presented with
enough information to draw conclusions from the outcome of the study (Dyba et
al., 2006). A study’s statistical power according to Lan and Lian (2010) depends
on two main factors. The first main factor of statistical power is the effect size of
the research hypothesis. Generally, the study has more statistical power as the
effect size increases. The second main factor of statistical power is the sample
size of the research study. Similar to effect size, the statistical power of the study
increases as the sample size increases. However, in the case of the researcher’s
study, the sample size was determined by the minimum requirements of the
ASTM testing standards. Aside from the requirements of the testing standards,
the cost of composite materials, processing materials, and operation of
processing equipment was very high. Due to the high cost needed to fabricate
the specimens, the number of specimens used within the study was limited.
A pilot study can be utilized to test and determine the required sample
sizes based on the pilot study’s results. However, pilot studies are not
always an option depending on the type of research study being
conducted. In the event where a pilot study is not possible, sample sizes
can be derived based on theories within the field of the research study and
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similar research that has been performed previously by other researchers
(Gay et al., 2012, p.116).
For this study, specimens were fabricated using autoclave method,
Double Vacuum De-Bulk (DVD) method, and Composite Aircraft Field Repair
Method (CAFRM). The specimens fabricated using the autoclave method was
used as the standard for comparison to the other specimens fabricated by the
DVD and CAFRM methods. For the Microscopy test, based on a research study
previously performed by Kuentzer, Simacek, Advani, and Walsh (2007) where
the void distribution of different VaRTM manufacturing techniques were studied,
two viewing samples from each specimen were used for the microscopy test.
Each viewing sample was partitioned from a consistent location from each
specimen to determine changes in voids along the length of the specimen. From
each viewing sample, seven snap shots of the sample’s cross sections were
obtained and the void content of each snapshot was used to determine the
average void content within each viewing sample. Based on the research
methodology previously performed by Kuentzer, Simacek, Advani, and Walsh
(2007), the current study used two viewing samples from each manufacturing
method which adds up to a total of six viewing samples. Each viewing sample
had seven void content measurements. Therefore, a total of fourteen
measurements were taken for each manufacturing method used. The final
average void content was compared between the specimens fabricated using the
three different methods.
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The second test the researcher conducted for the current study was the
acid digestion test. During the acid digestion test, equally partitioned specimens
from each manufacturing method were tested to determine the specimen’s fiber
volume fraction. ASTM D 3171 testing standard was used as the standard testing
method for determining the contents within a composite material (American
Society for Testing and Materials, 2004). The ASTM D 3171 testing standard
required a minimum of three specimens for each condition being tested.
Therefore, based on the requirements of the testing standard, the researcher
was required to have a total of at least 9 specimens for the three different
fabrication methods. In a study by Costa, Almeida, and Rezende (2005) to
examine the critical void content for composite laminates, an acid digestion test
was conducted based on the ASTM 3171 testing standards. In the acid digestion
test, five specimens were tested for each porosity level and the average value of
the five specimens was recorded. An acid digestion test of each specimen was
time consuming and limits a large sample size. The current research used five
specimens to meet the minimum requirements of the testing standard. Therefore,
a total of 15 specimens were tested for the acid digestion test. The results from
the five specimens of each manufacturing method were averaged in order for the
researcher to determine the differences of fiber volume faction between the three
manufacturing methods.
The third test that was performed for the current study was the short beam
shear test. The short beam shear test was performed using the ASTM D 2344
testing standard. Specimens were placed on a 3-point bending fixture and the
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specimens were loaded until fracture occurred. The short beam shear test
provided the researcher with the shear strength of each specimen that was
manufactured using the three different fabrication methods. ASTM D 2344 testing
standard was used to evaluate the short beam strength of composite materials.
The ASTM D 2344 testing standard required a minimum of five specimens for
each condition being tested (American Society for Testing and Materials, 2000).
Therefore, based on the requirements of the testing standard, the researcher
was required to have a total of 15 specimens for the three different fabrication
methods. In a research study previously conducted by Bai, Djafari, Andreani, and
Francois (1996) on short beam shear tests for composite materials, a total of five
specimens were used for the study to determine the shear strength of the
specimens being tested. Only one type of specimen was tested in the study
conducted by Bai, Djafari, Andreani, and Francois (1996). The researcher
fabricated five specimens for each fabrication method being tested for the current
study. The sample size of five specimens per fabrication method satisfied the
requirement of the testing standard. The shear strength data collected for each
fabrication method was recorded and average shear strength was calculated.
Average data collected with the short beam shear test allowed the researcher to
compare the shear strength of specimens fabricated by the CAFRM method to
the shear strength of specimens fabricated by autoclave method and DVD
method.
The last test that was performed was the Mode I fracture test. This test
was used to examine the bonding properties of the individual repair methods
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(Sterkenburg & Wang, 2013). The Mode I fracture test was performed in
accordance with the ASTM D 5528 testing standard, using Double Cantilever
Beam (DCB) specimens. The DCB specimens had hinges bonded on both sides
and the hinges were pulled by the Sintech 30/D tensile testing apparatus until
fracture occurred. The Mode I fracture test provided the researcher with the
opening mode interlaminar fracture toughness of each specimen that was
manufactured using the three different fabrication methods. The ASTM D 5528
testing standard was used as the standard testing method for Mode I fracture of
composite materials (American Society for Testing and Materials, 2005). The
ASTM D 5528 testing standard required a minimum of five specimens for each
condition being tested. Therefore, the researcher was required to have a total of
15 specimens for the three different fabrication methods. The opening mode
interlaminar fracture toughness data collected for each fabrication method was
recorded and average opening mode interlaminar fracture toughness was
calculated. The average opening mode interlaminar fracture toughness with the
Mode I fracture test allowed the researcher to compare the opening mode
interlaminar fracture toughness of specimens fabricated by CAFRM method to
the opening mode interlaminar fracture toughness of specimens fabricated by
autoclave method and DVD method.
The number of specimens that were used for each test within this study is
shown in table 3.1. With all the data collected from each of the testing methods,
the researcher was able to compare the quality of the specimens manufactured
by an autoclave method, DVD method, and CAFRM method. The results of the
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comparisons determined whether the CAFRM was an acceptable alternative
method that can potentially produce repairs on aircraft structures that are similar
in properties to repairs produced with autoclave and DVD methods.
Table 3.1
Specimen Numbers for Each Test
Manufacturing Method
Test

Autoclave

DVD

CAFRM

Total

Microscopy

2 (14 Snap Shots)

2 (14 Snap Shots)

2 (14 Snap Shots)

6 (42 snap shots)

Acid Digestion

5

5

5

15

Short Beam Shear

5

5

5

15

Mode I Fracture

5

5

5

15

3.6

Specimens

The specimens for this study were fabricated using the following three
methods: Autoclave method, Double Vacuum De-Bulk (DVD) method, and
Composite Aircraft Field Repair Method (CAFRM).

3.6.1 Preimpregnated (Prepreg) Fabric Cured in an Autoclave
The specimens of preimpregnated (prepreg) fabric cured in an autoclave
were fabricated by first making laminates that were large enough to partition all
the required specimens. The prepreg fabric material used was Hexcel HexPly®
BMS 8-168 prepreg fabric. The researcher’s decision in utilizing the BMS 8-168
prepreg fabric was due to the fact that the material was made in accordance with
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Boeing Material Specifications (BMS) and used by the Boeing Company for the
repair of composite structures. Hexcel HexPly® BMS 8-168 prepreg fabric
consists of T300 fibers manufactured by Toray Industries and the HexPly® F155
epoxy formulated by Hexcel. The HexPly® F155 epoxy was formulated for
autoclave cure to offer high laminate strengths, increased fracture toughness,
and good adhesive properties. The recommended curing procedure for the
Hexcel HexPly® BMS 8-168 prepreg fabric was as follows:

- Apply a minimum vacuum of 22 inches Hg.
- Ramp up the temperature at the rate of 2-8°F/min to 260 ± 10°F.
- Apply 85 + 15 – 0 psig of pressure.
- Hold at 260 ± 10°F for 90 + 15 min – 0 min.
- Vent vacuum bag to atmosphere when pressure reaches 20 psig.
- Cool down at the rate of 5°F/min to 130°F.
- Pressure can be released when the part temperature falls below
140°F.
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Figure 3.1 Hexcel HexPly® BMS 8-168 curing procedure.

The Hexcel HexPly® BMS 8-168 prepreg fabric was cut into 355 mm (14
in.) long and 355 mm (14 in.) wide squares and all plies were laid up in the 0°
orientation. According to a research study conducted by Zhu, Li, Zhang, Wu, and
Chen (2009), different stacking sequences could cause the shape and size
distribution of voids to be different from each other. Therefore, the researcher
utilized the same stacking sequence for all the remaining fabrication methods to
ensure that the formation of voids would not be affected by the differences in
stacking sequences. Each laminate consisted of 8 plies of prepreg fabric all laid
up into one single laminate as shown in figure 3.2. The laminate was then placed
into a bleeder vacuum bag where excess resin was extracted during the
laminate’s curing process.
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Figure 3.2 Eight plies laminate of prepreg fabric.

In the bleeder vacuum bag, a caul plate was used at the bottom in order to
provide the laminate structure and support during the curing process. The caul
plate was sealed with Zyvax Sealer-GP Mold and Tool Sealer to fill in the
microscopic pores of the caul plate and ensure the effectiveness of the Zyvax
Multi-Shield release agent. The release agent was used to prevent the cured
laminates from bonding to the caul plate. After sealing and releasing the caul
plate, sealant tape was placed around the perimeter of the caul plate for the final
sealing of the vacuum bag. The uncured laminate was placed on top of the caul
plate. On top of the laminate, a ply of perforated release was then placed down.
The perforated release allowed the excess resin and volatiles to be extracted out
of the laminate. The next material to be laid down was the bleeder ply. Typically
fiberglass cloth, the bleeder ply was used to soak up the excess resin being
extracted from the laminate during curing. A smaller ply of non-perforated release
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was then placed on top of the bleeder ply in order to prevent the excess resin
from exiting the vacuum bag and damaging the vacuum system. A second caul
plate that is 0.032 inch thick was placed on top of the non-perforated release
sheet and lined up with the laminate. A ply of breather was the next material to
be placed on top of the sequence, the breather material helped all the air and
volatiles within the vacuum bag escape into the vacuum system. The base of the
vacuum port was placed at the corner and on top of the breather material. The
base of the vacuum port must not be placed on top of the laminate to prevent the
base of the vacuum port being imprinted onto the laminate. Finally, figure 3.3
showed the vacuum bagging material placed on top of the entire assembly and
sealed with the sealant tape that was previously laid down. A small hole was cut
in the middle of the vacuum port base in order to install the top half of the
vacuum port. Figure 3.4 shows the cross section of the entire assembly for
reference. The completed vacuum bag was vacuum tested to ensure that less
than 1 inHg/min of air leak was present. Once the vacuum test was completed,
the laminate was ready to be placed into the autoclave for curing as shown in
figure 3.5. Care was taken to ensure that the recommended curing pressure,
temperature, and time was followed and properly controlled. Voids could develop
within the laminate due to improper control of the pressure conditions during the
curing cycle (Olivier et al., 1994). Cure cycle parameters such as temperature
and time recommended by the manufacturer were precisely followed. Any
modification could alter structural performance significantly (Liu et al., 2005).
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Once the curing procedure was completed, the laminates were ready for
partitioning and sample preparations.

Figure 3.3 Completed vacuum bag.

Figure 3.4 Cross section view of the bleeder vacuum bag.
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Figure 3.5 Laminates placed in the autoclave for curing.

3.6.2 Double Vacuum De-Bulk (DVD) Method
The specimens of the Double Vacuum De-Bulk (DVD) method were
fabricated by first making laminates that are large enough to partition all the
required specimens. The dry fabrics that the researcher used for the DVD
method were the same T300 fibers manufactured by Toray Industries. However,
the resin system was different from the prepreg fabric. Although prepreg fabric
and film adhesive were quicker to use and provide better consistency, they were
generally required to be stored in a freezer. Two-part epoxy resins on the other
hand could be stored for an extended period of time at ambient temperatures
(Wang et al., 2009). Due to the requirement of a resin system with a long shelf
life in ambient temperatures, the resin system the researcher chose for the DVD
method was the Hysol® EA 9390 epoxy paste adhesive manufactured by Henkel
Corporation. The Hysol® EA 9390 epoxy paste adhesive was available as a two-
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part system with a shelf life of 6 months and a pot life of two hours at room
temperature. If the end user required an extended storage period, the Hysol® EA
9390 epoxy paste adhesive should be kept below 4°C (40°F) to extend the shelf
life to one year. The choice between storage at room temperature or within a
freezer made the use of Hysol® EA 9390 epoxy paste adhesive very flexible and
suitable for a variety of conditions especially the repair of aircraft structures.
Another advantage of the Hysol® EA 9390 epoxy paste adhesive was that
the adhesive viscosity at room temperature was low at 120 poise. During curing,
the adhesive’s viscosity was further reduced which aided in the wet-out of the dry
fabric. The Hysol® EA 9390 epoxy paste adhesive was also compatible with
common reinforcing fibers used by most manufacturers of composite
components such as carbon fiber, fiberglass, and aramid fibers. Finally, the
Hysol® EA 9390 epoxy paste adhesive cures relatively quickly with a 150 minute
at 121°C (250°F) cure cycle. However, due to the 121°C (250°F) curing
temperature of the Hysol® EA 9390 epoxy paste adhesive being the same as the
temperature limit of the transfer medium being used by the researcher for
CAFRM, Henkel Corporation recommended an alternative curing process of
107°C (225°F) for 125 min. The recommended curing procedure for the Hysol®
EA 9390 epoxy paste adhesive was as follows:
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- Debulk at 130°F for 60 min.
- Apply full vacuum to the tool that contained the preformed
reinforcement.
- Ensure there is no vacuum loss.
- Maintain 130°F and compact for 35 min.
- Ramp up the temperature at the rate of 3°F/min to 225°F.
- Hold at 225°F for 125 min.
- Cool down at the rate of 5°F/min to 140°F.

! "

Figure 3.6 Hysol® EA 9390 epoxy paste adhesive curing procedure.

The T300 fibers were first cut into 355 mm (14 in.) long and 355 mm (14
in.) wide squares and all laid up in the 0° orientation. A total of 8 plies of fibers
were used for each laminate. A ply of non-perforated release sheet was laid onto
a caul plate and the stack of 8 ply laminate was placed on top of the nonperforated release sheet. Mixed resin was then poured onto the dry laminate
followed by a second ply of non-perforated release sheet as shown in figure 3.7.
The assembly was then sealed within a vacuum bag. With the vacuum applied,
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the resin was then evenly spread over the dry laminate to ensure proper wet out
of the fabric. Figure 3.8 shows the laminate after impregnation with Hysol® EA
9390 epoxy paste adhesive.

Figure 3.7 Eight ply laminate with mixed resin poured on top.

Figure 3.8 Eight ply laminate impregnated with Hysol® EA 9390.
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The impregnated laminate was then placed on top of a caul plate after the
caul plate was cleaned and the areas where sealant tape was used were sealed
off with masking tape. The caul plate was then sealed with Zyvax Sealer-GP
Mold and Tool Sealer. The chemical sealer filled in the microscopic pores of the
caul plate and ensured the effectiveness of the Zyvax Multi-Shield release agent.
The release agent was used in order to prevent the cured laminates from
bonding to the caul plate. A layer of breather material was laid on top of the caul
plate and served as insulation for the heat pad. A 406 mm (16 in.) long and 406
mm (16 in.) wide heat pad was then placed on top of the breather material as
shown in figure 3.9.

Figure 3.9 Heat pad on top of insulating breather cloth.

Next, a layer of non-perforated release was placed on top of the heat pad
to prevent excess resin from damaging the heat pad. On top of the nonperforated release, a sealed and released 355 mm (14 in.) long and 355 mm (14

64
in.) wide sheet of aluminum caul plate with the thickness of 0.8 mm (0.032 in.)
was placed. Thermocouples were placed at the bottom four corners of the 355
mm (14 in.) long and 355 mm (14 in.) wide aluminum caul plate as shown in
figure 3.10 in order to provide the heat bonder with temperature data for
temperature control during curing.

Figure 3.10 Aluminum caul plate with thermocouples attached.

The uncured laminate was placed on top of the sealed and released caul
plate. Figure 3.11 showed a layer of porous Teflon being placed on the laminate,
the porous Teflon allowed excess resin within the laminate to be absorbed by the
bleeder material which was placed on top of the porous Teflon.
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Figure 3.11 Porous Teflon placed on top of impregnated laminate.

A sheet of non-perforated release was placed on top of the bleeder
material in order to prevent excess resin from entering and damaging the
vacuum system as shown in figure 3.12.

Figure 3.12 Non-perforated release placed on top of the bleeder material.
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Breather material was then placed on top of the entire assembly to allow
all the air to exit the vacuum bag. The vacuum port was placed on top of the
breather material and towards the corner of the bottom caul plate as shown in
figure 3.13. Finally, figure 3.14 showed the first vacuum bag being sealed and
tested for leaks.

Figure 3.13 Placement of breather cloth and vacuum port base.

Figure 3.14 Sealed vacuum bag being tested for air leaks.
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A 610 mm (24 in.) long, 610 mm (24 in.) wide, and 152 mm (6 in.) tall
wooden box was fabricated with only the top and four sides and placed on top of
the first vacuum bag, enclosing all the components under the first vacuum bag as
shown in figure 3.15.

Figure 3.15 Wooden box placed on top of first vacuum bag.

Figure 3.16 shows another ply of breather material placed on top of the
wooden box and the wooden box was then sealed in a second vacuum bag with
pleats to accommodate the corners of the wooden box. Figure 3.17 showed the
cross section of the entire assembly for reference.
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Figure 3.16 Second vacuum bag with pleats.

Figure 3.17 Cross section view of the Double Vacuum De-Bulk (DVD) assembly.

The thermocouples and heat pad were plugged into the heat bonder as
shown in figure 3.18 and the assembly was ready for curing. Before starting the
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curing procedure, both vacuum bags were connected to the vacuum system
individually.

Figure 3.18 Heat bonder setup for curing.

The curing temperature was first ramped up to 54 °C (130°F) at a rate of
5°F/min and held for 60 minutes. During that time, due to the vacuum pressure
within the wooden box, the atmospheric pressure on the laminate was reduced to
allow volatiles within the laminate to escape into the vacuum system. Once the
60 minutes were complete, the vacuum pressure within the wooden box was
completely vented for the compaction cycle and the temperature was held for
another 35 minutes. After completing the compaction cycle, the curing
temperature was ramped up again to 107°C (225°F) at a rate of 3°F/min and held
for another 125 minutes. With the vacuum pressure within the wooden box
released, the laminate was now under atmospheric pressure due to the inner
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vacuum bag during its final cure. Once the curing procedure was completed, the
laminates were ready for partitioning and sample preparation.

3.6.3 Composite Aircraft Field Repair Method (CAFRM)
The specimens of the Composite Aircraft Field Repair Method (CAFRM)
fabrication method were fabricated by first making laminates that were large
enough to partition all the required specimens. The dry fabric that the researcher
used for CAFRM was the same T300 fiber manufactured by Toray Industries that
was used in the DVD method. The resin system the researcher chose for
CAFRM was the Magnolia® 7590 resin system manufactured by Magnolia
Plastics Incorporated. The Hysol® EA 9390 epoxy paste adhesive used in the
DVD method was not suitable for the CAFRM process due to the Hysol® EA
9390 epoxy paste adhesive’s high viscosity. Therefore, with the Magnolia® 7590
resin system certified under the same specifications as the Hysol® EA 9390
epoxy paste adhesive, the Magnolia® 7590 resin system’s lower viscosity made
it a suitable replacement resin system for the CAFRM process.
The T300 fibers were first cut into 355 mm (14 in.) long and 355 mm (14
in.) wide squares and all laid up in the 0° orientation. A total of 8 plies of fibers
were used for each laminate. Using a tackifier, the 8 plies of fibers were
temporarily bonded together to prevent the dry fibers from warping and fraying.
The tackifier was formulated to mix with the resin and did not affect the resin’s
performance and properties. A caul plate was first cleaned and the areas where
sealant tape was used were sealed with masking tape. The caul plate was then
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sealed with a chemical sealer. The chemical sealer the researcher used was the
Zyvax Sealer-GP Mold and Tool Sealer. The chemical sealer filled in the
microscopic pores within the caul plate and ensured the effectiveness of the
Zyvax Multi-Shield release agent which was the next chemical wiped onto the
caul plate after the chemical sealer. The release agent was used in order to
prevent the cured laminates from bonding to the caul plate. Figure 3.19 shows
the caul plate after sealing and releasing was completed.

Figure 3.19 Caul plate after sealing and releasing.

Once the caul plate had been sealed and released, the dry fabrics were
placed directly on top of the caul plate and a ply of peel ply material was placed
on top of the dry fabrics. A 355 mm (14 in.) long and 355 mm (14 in.) wide
injector plate was then placed on top of the peel ply. The injector plate was an
aluminum plate with a thickness of 0.8 mm (0.032 in.). A grid of small holes with
13 mm (0.5 in.) spacing was drilled in the injector plate to allow passage for the
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resin during the CAFRM process. Figure 3.20 showed the injector plate placed
on top of the peel ply and dry fabrics.

Figure 3.20 Injector plate on top of peel ply and dry fabrics.

A transfer medium was placed on top of the injector plate and taped down
to the caul plate using sealant tape. The transfer medium was used to aid the
flow of resin through the dry fabrics. A strip of sealant tape was used across the
transfer medium near the outlet tube in order to ensure that the resin flowed into
the dry fabric before exiting the vacuum bag instead of finding the easiest path
and only skim over the top of the injector plate. For the relatively thin laminate
being used in this research study, a single sheet of transfer medium at the top of
the laminate was sufficient enough to ensure the resin flow. However, when a
thicker repair laminate is required, thicker parts can be infused with the aid of
embedded inter-laminar distribution media (Heider et al., 2006).

73
For CAFRM, two rigid inlet and outlet tubes were used. The inlet and
outlet tubes were reusable depending on the resin system being used to perform
the CAFRM. When the resin system did not cure without the application of heat,
the excess resin within the inlet and outlet tubes could be cleaned, allowing the
inlet and outlet tubes to be reused. Inlet and outlet tubes were placed as shown
in figure 3.21 and sealant tape was placed on top of the tubes for later sealing
with the vacuum bag. Sealant tape was also placed around the outermost
perimeter of the caul plate.

Figure 3.21 Transfer Medium and inlet/outlet tubes.

Finally, the inner perimeter of sealant tape was sealed with a vacuum bag
as shown in figure 3.22. The inner vacuum bag was leak checked to ensure that
there was no vacuum loss within the inner vacuum bag. Once the leak check was
completed, thermocouples were placed close to the four corners of the injector
plate. The thermocouples provided temperature data to the heat bonder in order

74
to control the curing temperature during the curing of the laminate. Figure 3.23
showed the placement of the thermocouples on top of the inner vacuum bag.

Figure 3.22 Completed inner vacuum bag.

Figure 3.23 Placement of thermocouples on top of inner vacuum bag.
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A 406 mm (16 in.) long and 406 mm (16 in.) wide heat pad shown in figure
3.24 was placed on top of the inner vacuum bag, the heat pad was used to
provide the heat required during the curing process. On top of the heat pad, a
layer of breather material was used to provide a passage for the air within the
vacuum bag to escape into the vacuum system and provide insulation for the
heat pad in order to control the dissipation of heat. The base of the vacuum port
was placed on top of the breather material at one corner of the caul plate before
the final vacuum bag as shown in figure 3.25. A second vacuum port base was
used for vacuum monitoring.

Figure 3.24 406 mm (16 in.) long and 406 mm (16 in.) wide heat pad.
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Figure 3.25 Breather material and vacuum port base.

The final vacuum bag was sealed and a leak check was performed to
ensure proper seal and no vacuum loss was present. The completed assembly
could be seen in figure 3.27. The thermocouples and heat pad were plugged into
the heat bonder as shown in figure 3.28 and the assembly was preheated to
49°C (120°F) and was ready for infusion. According to a research study by
Johnson and Pitchumani (2003), the viscosity of the resin was related to the
temperature of the resin during infusion and the resin’s degree of cure. Since the
resin was mixed just before the infusion process, the resin’s degree of cure was
not an issue. Therefore, the researcher preheated the assembly in order to
further reduce the viscosity of the resin to aid with the impregnation of the fabrics.
The Magnolia® 7590 resin system was mixed with a ratio of 100 part A to 54 part
B by weight. The outlet pipe was connected to the resin trap and the inlet pipe
was placed into the mixed resin. The valve on the outlet pipe was released first
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followed by the valve on the inlet pipe. The outlet valve was opened completely
with the inlet pipe adjusted to control the flow rate of the resin. According to a
study by Bender, Schuster, and Heider (2006), the vent pressure should be kept
at full vacuum during infusion in order to minimize void formation in the
composite part. Once the resin had exited from the outlet pipe and reached the
resin trap, the inlet pipe valve was closed off followed by the outlet pipe valve.
The laminate was now ready for curing. Due to the 121°C (250°F) curing
temperature of the Magnolia® 7590 resin system being right at the temperature
limit of the transfer medium being used by the researcher, Magnolia Plastics
Incorporated had recommended that the researcher used a curing process of
101°C (215°F) for 120 min. The recommended curing procedure for the
Magnolia® 7590 resin system was as follows:

- Infuse at 150°F.
- Ramp up the temperature at the rate of 3°F/min to 215°F.
- Hold at 215°F for 120 min.
- Cool down at the rate of 5°F/min to 140°F.
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Figure 3.26 Magnolia® 7590 resin system curing procedure.

Once the curing procedure was completed, the laminates were ready for
partitioning and sample preparations.

Figure 3.27 Completed final vacuum bag with additional vacuum port.
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Figure 3.28 Heat bonder with heat pad and thermocouples plugged in.

3.6.4 Specimen Partitioning
All the partitioning of the specimens was performed on a Birmingham
WSG-1240AHD surface grinder that was equipped with a 305 mm (12 in.)
diameter and 1.17 mm (0.046 in.) thick diamond coated cutting wheel. Coolant
was used during the cutting process as shown in figure 3.29 in order to prevent
thermal delamination of the specimens and also reduce the amount of airborne
dust.
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Figure 3.29 Partitioning specimens with surface grinder and coolant.

3.6.5 Specimen Preparation
Specimens for the microscopy test were partitioned from each of the
laminates made with the three different fabrication methods. The dimensions of
the specimens were 38 mm (1.5 in.) long and 25 mm (1 in.) wide. A 50 mm (2 in.)
diameter Polyvinyl Chloride (PVC) pipe was cut into 25 mm (1 in.) wide rings as
shown in figure 3.30 and placed on top of a sealed and released caul plate.
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Figure 3.30 Sectioned PVC pipes.

The outer edges of the PVC pipe rings were sealed using sealant tape to
prevent the resin from leaking out of the PVC pipe rings as shown in figure 3.31.
Clips were used on the partitioned specimens in order to allow the specimens to
stand vertically without any assistance as shown in figure 3.32.

Figure 3.31 PVC pipes with outer edge sealed.
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Figure 3.32 Specimens standing vertically with the aid of clips.

Once the partitioned specimens were standing vertically in the middle of
the PVC pipe rings, the PVC pipe rings were filled with low viscosity castable
resin manufactured by PACE Technologies as shown in figure 3.33. The resin
was left to cure for 24 hours. Figure 3.34 shows the specimen after the resin has
cured.
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Figure 3.33 Filling the PVC pipe with castable resin.

Figure 3.34 Microscopy specimen after 24 hours of curing.

The microscope viewing side of the specimens was first sanded in the
order of 180, 240, 320, and 400 grit sanding wheels to remove the large
imperfections on the viewing surface. Once the large imperfections were
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removed, the viewing surfaces went through a series of polishing steps using
5µm, 1µm, and 0.3µm polishing wheels as shown in figure 3.35.

Figure 3.35 Polishing the viewing surface of microscopy specimen.

The specimen was rotated 90° every time when changing to a finer
abrasive. Finally, the viewing specimens were rinsed off to remove any remaining
residue left on the viewing surface that could potentially affect the viewing results.
The specimens were now ready for the microscopy test. Figure 3.36 shows a
completed microscopy specimen.
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Figure 3.36 Microscopy specimen ready for viewing.

Specimens for the acid digestion test were partitioned from each of the
laminates made with the three different fabrication methods. The dimensions of
the specimens were 50 mm (2 in.) long and 50 mm (2 in.) wide. The specimens
were then cleaned to remove any remaining coolant or grease. The specimens
were now ready for the acid digestion test.
Specimens for the short beam shear test were partitioned from each of the
laminates made with the three different fabrication methods. The dimensions of
the specimens were 25 mm (1 in.) long and 6 mm (0.25 in.) wide. Any coolant,
dirt, or grease left from the partitioning procedure was cleaned off from the
specimens. The specimens were now ready for the short beam shear test.
The DCB specimens for the Mode I fracture test required additional
fabrication steps compared to the previous three tests. Using Scotch-Brite® pads,
the bonding surface of the laminates were scuffed to improve adhesion. The
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bonding surface were vacuumed and wiped clean with a tack cloth until no
further contaminants or carbon dust remained as shown in figure 3.37.

Figure 3.37 Cleaning laminate after scuffing.

The prepared laminate was placed on a sealed and released caul plate
with the bonding surface facing up. Self-releasing flash tape was taped around
the perimeter of the laminate in order to prevent any resin from flowing
underneath the cured laminate. Self-releasing flash tape was used again to tape
off 64 mm (2.5 in.) of the laminate from one edge. The area taped off by the 64
mm (2.5 in.) wide self-releasing flash tape served as the pre-crack in the DCB
specimen. Figure 3.38 showed the area taped off by the self-releasing flash tape.
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Figure 3.38 Pre-crack area for the DCB specimen.

Next, the remaining area of the laminate was covered with one ply of
scrim cloth as shown in figure 3.39. The scrim cloth ensured the proper bond
thickness between the original laminate and the new laminate being fabricated
on top of it.

Figure 3.39 Scrim cloth to ensure proper bond thickness.
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The same fabrication methods used to fabricate the original laminate
were repeated to fabricate another laminate directly on top of the original
laminate. Using CAFRM as an example, the dry fabrics were placed directly on
top of the scrim cloth as shown in figure 3.40 and a ply of peel ply material was
placed on top of the dry fabrics. An injector plate was then placed on top of the
peel ply as shown in figure 3.41. A transfer medium was placed on top of the
injector plate and taped down to the caul plate using sealant tape. A strip of
sealant tape was used across the transfer medium near the outlet tube as shown
in figure 3.42 in order to ensure that the resin flowed into the dry fabric before
exiting the vacuum bag instead of finding the easiest path and only skim over the
top of the injector plate.

Figure 3.40 Dry fabrics placed on top of scrim cloth.
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Figure 3.41 Injector plate placed on top of peel ply.

Figure 3.42 Strip of sealant tape across transfer medium.

Inlet and outlet tubes were placed as shown in figure 3.43 and sealant
tape was placed on top of the tubes for later sealing with the vacuum bag.
Sealant tape was also placed around the outermost perimeter of the caul plate.
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Finally, the inner perimeter of sealant tape was sealed with a vacuum bag as
shown in figure 3.44. The inner vacuum bag was leak checked to ensure that
there was no vacuum loss within the inner vacuum bag. Once the leak check was
completed, thermocouples were placed close to the four corners of the injector
plate. Figure 3.45 showed the placement of the thermocouples on top of the
inner vacuum bag. A heat pad was placed on top of the inner vacuum bag and
on top of the heat pad, a layer of breather material as shown in figure 3.46 was
used to provide a passage for the air within the vacuum bag to escape into the
vacuum system and provide insulation for the heat pad in order to control the
dissipation of heat.

Figure 3.43 Inlet and outlet tubes placed.
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Figure 3.44 Inner perimeter sealed with vacuum bag.

Figure 3.45 Placement of thermocouples on top of inner vacuum bag.
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Figure 3.46 Breather material on top of heat pad.

The base of the vacuum port was placed on top of the breather material at
one corner of the caul plate before the final vacuum bag. A second vacuum port
base was used for vacuum monitoring. The final vacuum bag was sealed and a
leak check was performed to ensure proper seal and no vacuum loss was
present. The completed assembly was shown in figure 3.47.
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Figure 3.47 Final vacuum bag sealed and leak checked.

Procedures for the autoclave repair method and DVD repair method were
similarly repeated to fabricate each repair method’s DCB specimens. The result
was two laminates fabricated using the same fabrication method with a ply of
scrim cloth and pre-crack embedded between the two laminates as shown in
figure 3.48.
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Figure 3.48 Two laminates with a ply of scrim cloth and pre-crack embedded.

Stiffening plates were fabricated using 16 plies of Hexcel IM7/8552
prepreg fabric laid in the [0°, 90°]4S orientation. Each DCB panel required a
stiffening plate on each side of the panel. Due to the thin laminates used in the
DCB specimens, the DCB specimens tend to bend under testing conditions. The
bending of the DCB specimens would affect the collected test data. Therefore,
stiffening plates were utilized to prevent the bending of the DCB specimens
during testing. A ply of non-perforated release film was placed on top of a clean
caul plate and the 16 plies of Hexcel IM7/8552 prepreg fabric was placed on top
of the non-perforated release film as shown in figure 3.49.
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Figure 3.49 Hexcel IM7/8552 on top of the non-perforated release film.

Another ply of non-perforated release film was then placed on top of the
prepreg fabric. A strand of fiberglass was placed between the two plies of nonperforated release film at each of the four edges as shown in figure 3.50. The
non-perforated release films were sealed to the caul plate with self-releasing
flash tape ensuring that the fiberglass strands were still exposed.
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Figure 3.50 Fiberglass placed between non-perforated release films.

A layer of breather material was placed on top of the assembly and a
vacuum bag was made over the assembly. The vacuum bag was leak checked in
order to ensure that there were no air leaks within the vacuum bag as shown in
figure 3.51.

Figure 3.51 Completed vacuum bag.
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The stiffening plates were cured using the autoclave with the following
curing procedure:
- Apply full vacuum and 15 psig.
- Heat with the rate of 3-5°F/min to 225°F.
- Hold at 225°F for 30-60 min.
- Increase pressure to 85-100 psig.
- Vent vacuum when pressure reaches 30 psig.
- Raise temperature at the rate of 3-5°F/min to 350°F.
- Hold at 350°F for 120 ± 10 min.
- Cool with the rate of 2-5°F to 150°F and vent pressure.
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Figure 3.52 Hexcel IM7/8552 curing procedure.

Once the stiffening plates were cured, the bonding surface of both the
stiffening plates and the DCB specimens was scuffed using Scotch-Brite® pads
and cleaned with vacuum and tack cloth. The stiffening plates were bonded to
the DCB specimens with 3M Scotch-Weld™ AF 163-2K structural adhesive film.
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A ply of non-perforated release film was placed on top of a clean caul plate and a
stiffening plate with the bonding surface facing up was placed on top of the nonperforated release film as sown in figure 3.53.

Figure 3.53 Stiffening plate on top of non-perforated release film.

AF 163-2K structural adhesive film was laid on top of the bonding surface
and the DCB specimen was placed on top of the adhesive film as shown in figure
3.54.
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Figure 3.54 DCB specimen on top of adhesive film.

The process was repeated in reverse order for the other side of the DCB
specimen. Figure 3.55 showed the completed stacking of the laminates. Another
ply of non-perforated release film was then placed on top of the stiffening plates
and DCB specimen assembly.

Figure 3.55 Completed stacking of DCB specimen and stiffening plates.
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A strand of fiberglass was placed between the two plies of non-perforated
release film at each of the four edges. The non-perforated release films were
sealed to the caul plate with self-releasing flash tape to ensure that the fiberglass
strands were exposed. A layer of breather material was placed on top of the
assembly and a vacuum bag was made over the assembly. The vacuum bag
was checked for leaks to ensure that there were no air leaks within the vacuum
bag as shown in figure 3.56.

Figure 3.56 Completed DCB vacuum bag.

The stiffening plates and DCB specimen using the autoclave were cured
with the following curing procedure:
- Apply full vacuum.
- Heat with the rate of 3-5°F/min to 225°F.
- Increase pressure to 30 psig
- Hold at 225°F for 90 min.
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- Vent vacuum when pressure reaches 30 psig.
- Cool with the rate of 2-5°F to 150°F and vent pressure.
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Figure 3.57 3M Scotch-Weld™ AF 163-2K curing procedure.

Test specimens for the Mode I fracture test were partitioned from each of
the cured bonded panels made with the three different fabrication methods. The
researcher used the edge with the pre-crack as the top edge, partition 25 mm (1
in.) off the four edges of the bonded panels. The remaining bonded panels were
partitioned into 25 mm (1 in.) wide test specimens. The final specimen
dimensions were 305 mm (12 in.) long and 25 mm (1 in.) wide as shown in figure
3.58.
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Figure 3.58 Partitioned DCB specimens.

Finally, 25 mm (1 in.) wide piano hinges were bonded to both sides of the
top edge with AF 163-2K structural adhesive film as shown in figure 3.59. Figure
3.60 showed a cross sectional view of the complete DCB specimens. In order to
aid the researcher with the visual tracking of the propagating crack during testing
of the DCB specimens, the sides of the completed DCB specimens were painted
white and scales were attached to the specimens. Figure 3.61 and 3.62 showed
the painting of the specimens and the scale attached to the specimens.
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Figure 3.59 Piano hinges bonded with adhesive film.

Figure 3.60 Cross section view of the DCB specimen.
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Figure 3.61 Painting the DCB specimens.

Figure 3.62 Scale attached on DCB specimens.
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3.7

Testing Procedures

The researcher used testing procedures in accordance with testing
standards used within the composite materials industry. This included all the
specimen dimensions, testing apparatus, and testing procedures. Testing data
was collected from each of the testing methods and analyzed in order to
determine whether CAFRM repairs were suitable as an alternative to autoclave
processed repair and DVD method repair.

3.7.1 Microscopy Testing Procedures
The polished microscopy specimens were placed under an optical
microscope as shown in figure 3.63. Photographs of the cross sections of each
microscopy specimen were taken. The snapshots were then analyzed by
determining the total area of voids within a given area of the snapshot based on
a pre-determined gray scale as shown in figure 3.64. The void content was
determined by dividing the total area of the voids by the total area chosen in the
snapshot. The fourteen void content results for each type of specimen was then
averaged to give the researcher an average percentage of void content within the
specimens fabricated by each of the three different fabrication methods.
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Figure 3.63 Microscopy specimens placed under an optical microscope.

Figure 3.64 Area selected from snapshot based on a pre-determined gray scale.

107
3.7.2 Acid Digesting Testing Procedures
In accordance to the ASTM D 3171 (2004) testing standard, 50 mm (2 in.)
long and 50 mm (2 in.) wide specimens fabricated using the three manufacturing
methods shown in figure 3.65 were weighed to determine the total weight of the
fibers and matrix material for each specimen. The specimen was then placed in a
400 ml (13.5 fl oz.) beaker and 200 ml (6.8 fl oz.) of nitric acid was poured into
the beaker as shown in figure 3.66.

Figure 3.65 Acid digestion test specimen.
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Figure 3.66 Specimen in nitric acid.

The 400 ml (13.5 fl oz.) beaker and its contents were heated using a
Bunsen burner to a controlled temperature where the acid started to fume but the
acid did not boil. A spatula was used to slowly stir until all the matrix material had
been dissolved as shown in figure 3.67. The remaining fibers and acid was then
poured through a filter to separate the acid and the fibers. The fibers were
washed three times with 20 ml (0.68 fl oz.) of nitric acid and then washed again
with water to remove any remaining nitric acid.
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Figure 3.67 Fibers after matrix dissolved.

The cleaned fibers were dried in an oven at 100°C (212°F) for 90 minutes
as shown in figure 3.68. Once the drying process was completed, the fibers were
weighed to determine how much of the original total weight was removed. The
same procedure was repeated for all the specimens. Figure 3.69 showed the
fibers after the drying process was completed. The five volume fraction results for
each type of specimen were then averaged to give the researcher an average
percentage of volume fraction within the specimens fabricated by each of the
three different fabrication methods.
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Figure 3.68 Drying the cleaned fibers.

Figure 3.69 Cleaned fibers after drying.
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3.7.3 Short Beam Shear Testing Procedures
In accordance to the ASTM D 2344 (2000) testing standard, the 25 mm (1
in.) long and 6 mm (0.25 in.) wide specimens shown in figure 3.70 were placed
on a 3-point bending fixture shown in figure 3.71 and the specimens were loaded
using a Sintech 30/D tensile testing apparatus configured for compression testing
until fracture occurs. Figure 3.72 showed the test setup of the short beam shear
test. The crosshead of the Sintech 30/D tensile testing apparatus was set to
move at the rate of -0.5 mm/min (-0.020 in/min).

Figure 3.70 Short beam shear specimens.
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Figure 3.71 3-point bending fixture.

Figure 3.72 Short beam shear test setup.
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The same procedure was repeated for all the specimens. The five shear
strength results for each type of specimen was then averaged to provide the
average shear strength of the specimens fabricated by each of the three different
fabrication methods.

3.7.4 Mode I Fracture Testing Procedures
In accordance to the ASTM D 5528 (2005) testing standard, the piano
hinges of the DCB specimens were mounted in the grips of a Sintech 30/D
tensile testing apparatus as shown in figure 3.73. Proper alignment and centering
of the DCB specimens were ensured.

Figure 3.73 DCB specimen mounted on test fixture.
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Graduation marks on the attached scale were used as reference to
measure the initial delamination length to the end of the pre-crack. The DCB
specimens were loaded with a constant crosshead rate of 1 mm/min (0.039
in/min). When the DCB specimen was under load, the first load reading was
collected at the first crack propagation. Two more load readings were collected
for the next two crack propagations. An optical microscope was used to aid with
the accurate recording of the graduation marks as shown in figure 3.74 and 3.75.
The results of the DCB specimens were used to determine the opening mode
interlaminar fracture toughness of the specimens fabricated by each of the three
different fabrication methods.

Figure 3.74 Optical microscope for DCB testing.
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Figure 3.75 Crack propagation under optical microscope.

3.8

Statistical Analysis

Statistical analysis was performed on the test data collected to determine
if the results were significant. For this study, there were three independent
variables for each of the four test methods. The three independent variables
consisted of the autoclave repair method, DVD repair method, and CAFRM
method. “To determine the significant mean difference between more than two
groups of independent variables, an analysis of variance (ANOVA) was used”
(Sekaran, 2003, p.404). The dependent variables of this study were the void
content, volume fraction, shear strength, and Mode I fracture toughness results
from the four test methods. The researcher used one-way ANOVA to determine if
the means between the three different repair methods were significantly different
from each other. An alpha level of 0.05 was used for the one-way ANOVA.

116
However, according to Norusis (2009), “based on the results of ANOVA, it was
still unclear which pairs of means were significantly different from each other.” (p.
153) In order to “determine where the significant mean difference lied within the
three independent variables, multiple comparison procedures (MCPs) were used
in conjunction with an ANOVA” (Toothaker, 1993, p.27). The researcher chose
Tukey’s method as the multiple comparison procedure for this study. According
to Toothaker (1993), Tukey’s method was suitable for “all pairwise comparisons
and was more powerful when compared to Dunn’s method while not being too
conservative like the Scheffe method” (p.31-34).

3.9

Methodology Summary

This study used an experimental design within the quantitative research
methods. Procedures and precautions were taken by the researcher to ensure
that the data that was collected was both reliable and valid. Four tests performed
were microscopy, acid digestion, short beam shear, and Mode I fracture. The
independent variables for all the tests consisted of autoclave repair method, DVD
repair method, and CAFRM method. For the microscopy test, the dependent
variable was the void content of the specimens. For the acid digestion test, the
dependent variable was the volume fraction of the specimens. The short beam
shear test had shear strength as the dependent variable. Lastly, the dependent
variable for the Mode I fracture test was opening mode interlaminar fracture
toughness.
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The data gathered from the four tests were analyzed by a one-way
ANOVA to determine if the means between the three different groups were
significantly different from each other. An alpha level of 0.05 was used for the
one-way ANOVA. Following the one-way ANOVA, Tukey’s method was used to
determine which pairs of means were significantly different from each other.
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CHAPTER 4. RESEARCH FINDINGS

The purpose and objectives of the study was to determine whether
component or repairs fabricated using CAFRM method, DVD repair method, and
autoclave repair method differ in void content, volume fraction, shear strength,
and interlaminar fracture toughness. The test data and results gathered from the
Microscopy, Acid Digestion, Short Beam Shear, and Mode I Fracture tests
performed were used to determine whether the specimens fabricated using the
three methods had similar properties. Based on the results, the researcher was
able to determine whether CAFRM method was suitable as an alternative to DVD
repair method and autoclave repair method.

4.1

Microscopy Test

The microscopy test was performed for the specimens made using the
CAFRM method, DVD repair method, and autoclave repair method. The
specimens were placed under the microscope and individual snapshots similar to
figure 4.1 were taken. The fiber and matrix areas were selected from the
snapshots leaving only the areas identified as voids within the specimens as
shown in figure 4.2. With the help of analyzing software, the researcher was able
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to determine the percentage of void areas from the void area percentage report
shown in figure 4.3 for each of the individual snapshots.

Figure 4.1 Microscopy snapshot.

Figure 4.2 Void area selection.
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Figure 4.3 Void area percentage report.

The same procedure was repeated for the 14 snapshots of all the
specimens. After the void percentages for all the specimens were gathered, the
data was then compiled into the table shown in table 4.1.
Table 4.1
Void Percentages from Microscopy Test
Snapshot

Autoclave Repair

DVD Repair

CAFRM

Number

Method

Method

1

1%

3%

1%

2

1%

3%

1%

3

1%

4%

1%

4

1%

4%

2%

5

1%

2%

3%

6

1%

3%

2%

7

1%

2%

2%

8

1%

2%

1%
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9

2%

3%

0.5%

10

1%

4%

1%

11

1%

3%

0.5%

12

1%

2%

1%

13

2%

3%

0.5%

14

1%

4%

1%

Based on the void percentages data collected for all the specimens,
specimens fabricated using the autoclave repair method had an average of
1.143%. However, the majority of the specimens have a void percentage of 1%
which was still considered a “good” specimen for aerospace standards.
Specimens fabricated using the DVD repair method has a void percentage
average of 3%. The lowest void percentage observed for a specimen fabricated
using the DVD repair method was 2% while the highest void percentage was as
high as 4% which would all be rejected by the aerospace standard for quality.
Lastly, the specimens fabricated using CAFRM had a void percentage average of
1.25%. The majority of the specimens had a void percentage of 1%. However,
some specimens were observed to have a low void percentage of 0.5% and
some were observed with a void percentage of 2-3%. Based on the average void
percentages, the specimens fabricated using the autoclave repair method and
CAFRM were more similar in terms of void percentages and closer to the
standards accepted by the aerospace industry than specimens fabricated using
the DVD repair method.
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Results from the ANOVA and Tukey’s multiple comparison procedure as
shown in table 4.2 suggested that there was a significant difference in void
percentage between specimens fabricated using the DVD repair method and
specimens fabricated using the autoclave repair method and CAFRM. There was
no significant difference between specimens fabricated using the autoclave
repair method and CAFRM.
Table 4.2
One-Way ANOVA for Void Percentages
Type

Autoclave

DVD

CAFRM

Type

Mean

Std.

Difference

Error

Sig.

95% Confidence
Interval
Lower

Upper

Bound

Bound

DVD

-1.85714

.24651

.000

-2.4577

-1.2566

CAFRM

-.10714

.24651

.901

-.7077

.4934

Autoclave

1.85714

.24651

.000

1.2566

2.4577

CAFRM

1.75000

.24651

.000

1.1494

2.3506

Autoclave

.10714

.24651

.901

-.4934

.7077

DVD

-1.75000

.24651

.000

-2.3506

-1.1494

4.2

Acid Digestion Test

The acid digestion test was performed in accordance to the ASTM D 3171
testing standard. The same testing procedures were used for all the specimens
made using the CAFRM method, DVD repair method, and autoclave repair
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method. Specimens were weighed before the test was performed to determine
the total weight of matrix and fibers of the specimen. Once the matrix had been
dissolved by the heated nitric acid, the fibers were cleaned and dried in an oven
to remove any remaining moisture. Finally the clean and dried fibers as shown in
figure 4.4 were weighed to determine the total weight of the fibers.

Figure 4.4 Clean dried fibers before weighing.

The same acid digestion test procedure was repeated for all the 15
specimens fabricated using the three different methods. After the dried fibers
were weighed for all the specimens, the data was then compiled into the table
shown in table 4.3.
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Table 4.3
Fiber Volume Fraction from Acid Digestion Test
Specimen Type

Weight Before (g)

Weight After (g)

Fiber Volume

Prepreg 1

6.95

4.23

61%

Prepreg 2

6.94

4.25

61%

Prepreg 3

6.94

4.20

61%

Prepreg 4

6.96

4.30

62%

Prepreg 5

6.98

4.37

63%

DVD 1

6.94

4.16

60%

DVD 2

7.07

4.26

60%

DVD 3

6.42

4.23

66%

DVD 4

6.80

4.21

62%

DVD 5

6.79

4.26

63%

CAFRM 1

6.88

4.15

60%

CAFRM 2

6.85

4.12

60%

CAFRM 3

6.91

4.19

61%

CAFRM 4

6.75

4.13

61%

CAFRM 5

6.90

4.16

60%

Based on the fiber volume fractions calculated from the before and after
weights of the specimens, most of the fiber volume fractions were between 6061%. Specimens fabricated using the autoclave repair method had an average
fiber volume fraction of 61.6% and the fiber volume fractions were relatively
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consistent for the five specimens tested. Specimens fabricated using the DVD
repair method had the least consistent fiber volume fractions out of the three
types of fabrication methods. The average fiber volume fraction of specimens
fabricated using the DVD repair method was 62.2%. Some specimens were
showing fiber volume factions of 62 to 66%, indicating that these specimens
could be resin starved when compared to the rest of the specimens tested. With
an average fiber volume fraction of 60.4%, specimens fabricated using CAFRM
was the most consistent with the least amount of variation in the specimen fiber
volume fractions.
Results from the ANOVA and Tukey’s multiple comparison procedure as
shown in table 4.4 suggested that there was no significant difference in fiber
volume fraction between specimens fabricated using the autoclave repair method,
DVD repair method, and CAFRM.
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Table 4.4
One-Way ANOVA for Fiber Volume Fraction
Type

Autoclave

DVD

CAFRM

Type

Mean

Std.

Difference

Error

Sig.

95% Confidence
Interval
Lower

Upper

Bound

Bound

DVD

-.60000

.98658

.818

-3.2321

2.0321

CAFRM

1.20000

.98658

.466

-1.4321

3.8321

Autoclave

.60000

.98658

.818

-2.0321

3.2321

CAFRM

1.80000

.98658

.203

-.8321

4.4321

Autoclave

-1.20000

.98658

.466

-3.8321

1.4321

DVD

-1.80000

.98658

.203

-4.4321

.8321

4.3

Short Beam Shear Test

The short beam shear test was performed in accordance to the ASTM D
2344. The same testing procedures were used for all the specimens made using
the autoclave repair method, DVD repair method, and CAFRM. The specimens
were tested in a three point bending fixture as shown in figure 4.5 until fracture
occurred. Test loads were collected using a desktop computer in order to
determine the ultimate load before fracture.
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Figure 4.5 Three point bending fixture for short beam shear test.

The same testing procedures were repeated for all the 15 specimens
fabricated using the three different methods. With the recorded data, the
researcher then determined the specimen’s ultimate load before fracture and
also generated the load curves that were used for a visual comparison between
the specimens. Figure 4.6 showed an example of the load curve generated from
the test data collected.
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Figure 4.6 Load curve from short beam shear data.

Figure 4.7 showed the load curves of all the specimens fabricated using
the autoclave repair method. The load curves of all the specimens fabricated
using the DVD repair method were shown in figure 4.8. Lastly, the load curves of
all the specimens fabricated using CAFRM were shown in figure 4.9.
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Figure 4.7 Autoclave repair method specimen load curves.
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Figure 4.8 DVD repair method specimen load curves.
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Figure 4.9 CAFRM specimen load curves.
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All the specimens fractured as expected and data recording was
performed according to plan. After compiling the recorded data for all the
specimens, the load data was then compiled into the table shown in table 4.5.
Table 4.5
Short Beam Shear Test Load Data
Short Beam Shear Test Load (N)
Specimen

Autoclave Repair

DVD Repair

CAFRM

Number

Method

Method

1

811.13

696.07

764.37

2

779.12

677.06

794.63

3

765.87

586.56

791.45

4

775.06

652.11

798.58

5

780.46

686.92

808.02

The specimens fabricated using the autoclave repair method fractured at
an average load of 782.33 N. The specimens that fractured at the lowest loads
were the specimens fabricated using the DVD repair method. The average
fracturing load of the specimens fabricated using the DVD repair method was
659.74 N. Lastly, the specimens fabricated using CAFRM had an average
fracturing load of 791.41 N. The average fracturing load of the specimens
fabricated using CAFRM was very similar to the specimens fabricated using the
autoclave repair method. Both types of specimens also showed similar
consistency in terms of fracturing loads.
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Results from the ANOVA and Tukey’s multiple comparison procedure as
shown in table 4.6 suggested that there was a significant difference in shear load
between specimens fabricated using the DVD repair method and specimens
fabricated using the autoclave repair method and CAFRM. There was no
significant difference between specimens fabricated using the autoclave repair
method and CAFRM.
Table 4.6
One-Way ANOVA for Short Beam Shear Test
Type

Autoclave

DVD

Type

Std.

Difference

Error

Sig.

95% Confidence
Interval
Lower

Upper

Bound

Bound

DVD

122.58400

18.26471

.000

73.8562

171.3118

CAFRM

-9.08200

18.26471

.874

-57.8098

39.6458

Autoclave -122.58400 18.26471

.000

-171.3118

-73.8562

.000

-180.3938

-82.9382

CAFRM
CAFRM

Mean

-131.66600 18.26471

Autoclave

9.08200

18.26471

.874

-39.6458

57.8098

DVD

131.66600

18.26471

.000

82.9382

180.3938

4.4

Mode I Fracture Test

The mode I fracture test was performed in accordance to the ASTM D
5528 testing standard utilizing Double-Cantilever Beam (DCB) specimens. The
same testing procedures were used for all the specimens made using the
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autoclave repair method, DVD repair method, and CAFRM. Each specimen was
loaded until its crack propagation and unloaded three times. Figure 4.10 showed
a specimen during the mode I fracture testing.

Figure 4.10 Crack propagation during mode I fracture testing.

The same testing procedures were repeated for all 15 specimens
fabricated using the three different methods. With the recorded data, the
researcher then determined the specimen’s load and displacement at the crack
propagation and also generated load curves for the specimen. Figure 4.11
showed an example of the load curve generated from the test data collected.
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Figure 4.11 Load curve from mode I fracture test.

According to Adams, Carlsson, and Pipes (2003), with the assumption that
classical beam theory and fixed ends are true, mode I fracture toughness GIC can
be calculated using the equation GIC = 3PC
load where the crack propagated and

C

C/2wa.

In the equation, PC was the

was the displacement at that load. The

w within the equation stands for the width of the specimen and a in the equation
stands for the crack length. With the data collected from the mode I fracture test,
the researcher was able to calculate the mode I fracture toughness of the
specimens. The mode I fracture toughness of the specimens were shown in table
4.7.
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Table 4.7
Mode I Fracture Toughness
Mode I Fracture Toughness (J/cm2)
Specimen

Autoclave Repair

DVD Repair

CAFRM

Number

Method

Method

1

760.29

28.28

47.70

2

756.96

27.47

50.30

3

737.64

24.46

49.86

4

743.72

25.55

49.29

5

761.34

27.98

50.62

The specimens fabricated using the autoclave repair method had an
average mode I fracture toughness of 751.99 J/cm2. The mode I fracture
toughness of the specimens fabricated using the autoclave repair method was far
superior compared to the other two fabrication methods. The specimens that had
the lowest mode I fracture toughness were the specimens fabricated using the
DVD repair method. The average mode I fracture toughness of the specimens
fabricated using the DVD repair method was 26.75 J/cm2. Finally, the specimens
fabricated using CAFRM had an average mode I fracture toughness of 49.55
J/cm2. The average mode I fracture toughness of the specimens fabricated using
CAFRM was higher than the specimens fabricated using the DVD repair method.
However, both the DVD repair method and CAFRM specimens had significantly
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lower mode I fracture toughness than the specimens fabricated using the
autoclave repair method.
Results from the ANOVA and Tukey’s multiple comparison procedure as
shown in table 4.8 suggests that there was a significant difference in mode I
fracture toughness between specimens fabricated using the autoclave repair
method, DVD repair method, and CAFRM. Specimens fabricated using the three
different methods were all significantly different from each other.
Table 4.8
One-Way ANOVA for Mode I Fracture Test
Type

Autoclave

DVD

Type

Std.

Difference

Error

Sig.

95% Confidence
Interval
Lower

Upper

Bound

Bound

DVD

725.24200

3.96518

.000

714.6635

735.8205

CAFRM

702.43600

3.96518

.000

691.8575

713.0145

Autoclave -725.24200

3.96518

.000

-735.8205

-714.6635

-22.80600

3.96518

.000

-33.3845

-12.2275

Autoclave -702.43600

3.96518

.000

-713.0145

-691.8575

3.96518

.000

12.2275

33.3845

CAFRM
CAFRM

Mean

DVD

22.80600
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

The study was conducted in order to determine whether specimens made
by utilizing the Composite Aircraft Field Repair Method (CAFRM), Double
Vacuum De-Bulk (DVD) repair method, and autoclave repair method differ in
their void content, volume fraction, shear strength, and Mode I fracture
toughness. In this chapter, the researchers discussed the test results and provide
answers to the study’s research question. The chapter also provided
recommendations for future research.

5.1

Hypotheses

Hypothesis 1
H0: There was no significant difference in void content between specimens made
using Composite Aircraft Field Repair Method (CAFRM), Double Vacuum DeBulk (DVD) repair method, and autoclave repair method.
Ha: There was a significant difference in void content between specimens made
using CAFRM method, DVD repair method, and autoclave repair method.
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Hypothesis 2
H0: There was no significance difference in fiber volume fraction between
specimens made using CAFRM method, DVD repair method, and autoclave
repair method.
Ha: There was a significance difference in fiber volume fraction between
specimens made using CAFRM method, DVD repair method, and autoclave
repair method.

Hypothesis 3
H0: There was no significance difference in shear strength between specimens
made using CAFRM method, DVD repair method, and autoclave repair method.
Ha: There was a significance difference in shear strength between specimens
made using CAFRM method, DVD repair method, and autoclave repair method.

Hypothesis 4
H0: There was no significance difference in opening mode interlaminar fracture
toughness between specimens made using CAFRM method, DVD repair method,
and autoclave repair method.
Ha: There was a significance difference in opening mode interlaminar fracture
toughness between specimens made using CAFRM method, DVD repair method,
and autoclave repair method.
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5.2

Microscopy Test

Based on the void percentages data collected from the microscopy test,
specimens fabricated using the autoclave repair method had an average of
1.143%, specimens fabricated using the DVD repair method had a void
percentage average of 3%, and the specimens fabricated using CAFRM had a
void percentage average of 1.25%. With the average percentages, it shows that
specimens fabricated using the DVD repair method were different from
specimens fabricated using the autoclave repair method and CAFRM.
Specimens fabricated using the autoclave method were similar to the specimens
fabricated using CAFRM. Even though the specimens made using CAFRM did
seem to be inconsistent. The inconsistency could be solved with further
development in the CAFRM fabrication process. Results from the ANOVA and
Tukey’s multiple comparison procedure also suggests that there was a significant
difference in void percentage between specimens fabricated using the DVD
repair method and specimens fabricated using the autoclave repair method and
CAFRM. There was no significant difference between specimens fabricated
using the autoclave repair method and CAFRM. Therefore, based on the results,
the researcher rejected the null hypothesis in hypothesis one.
With the specimens fabricated using the autoclave method and CAFRM
showing no significant differences between each other, the researcher believed
that specimens fabricated using CAFRM could produce the same quality in terms
of void percentages as the aerospace industry accepted autoclave repair method.
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While specimens fabricated using the DVD repair method may not produce the
required quality for the aerospace industry due to the high amount of voids.

5.3

Acid Digestion Test

Based on the fiber volume fractions calculated from the weights before
and after the acid digestion test, specimens fabricated using the autoclave repair
method had an average fiber volume fraction of 61.6%. Specimens fabricated
using the DVD repair method had an average fiber volume fraction of 62.2% and
specimens fabricated using CAFRM had an average fiber volume fraction of
60.4%. The specimens fabricated using the three different methods were similar
in terms of fiber volume fraction. The results from the ANOVA and Tukey’s
multiple comparison procedure also suggested that there was no significant
difference in fiber volume fraction between specimens fabricated using the
autoclave repair method, DVD repair method, and CAFRM. Therefore, based on
the results, the researcher failed to reject the null hypothesis in hypothesis two.
However, even though the ANOVA test suggested that there were no
significant differences in fiber volume fraction between the specimens, the higher
fiber volume in the DVD specimens could be a potential problem due to two
reasons. First, the higher fiber volume fraction could be due to the specimen’s
higher void content and therefore less resin within the specimen compared to the
specimens fabricated with the autoclave repair method and CAFRM. The second
reason could be due to the DVD process’ number of bleeder materials used. Too
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much bleeder could lead to specimens being starved of resin compared to the
specimens fabricated using the autoclave repair method and CAFRM.

5.4

Short Beam Shear Test

From the test data collected from the short beam shear test, the
specimens fabricated using the autoclave repair method fractured at an average
load of 782.33 N. The average fracturing load of the specimens fabricated using
the DVD repair method was 659.74 N and the specimens fabricated using
CAFRM had an average fracturing load of 791.41 N. The average fracturing load
of the specimens fabricated using CAFRM and autoclave repair method were
very similar and with similar consistency. Specimens fabricated using the DVD
repair method had the lowest average fracturing load. The results from the
ANOVA and Tukey’s multiple comparison procedure suggested that there was a
significant difference in fracturing load between specimens fabricated using the
DVD repair method and specimens fabricated using the autoclave repair method
and CAFRM. There were no significant differences between specimens
fabricated using the autoclave repair method and CAFRM. Therefore, based on
the results, the researcher rejected the null hypothesis in hypothesis three.
With the specimens fabricated using the autoclave method and CAFRM
also showing no significant differences between each other, the researcher
believed using CAFRM could produce specimens that could withstand similar
fracturing load as the aerospace industry accepted autoclave repair method.
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While specimens fabricated using the DVD repair method were only able to
withstand a lower amount of load before fracturing.

5.5

Mode I Fracture Test

After compiling the data collected from the mode I fracture test, the
researcher determined that specimens fabricated using the autoclave repair
method had an average mode I fracture toughness of 751.99 J/cm2. The average
mode I fracture toughness of the specimens fabricated using the DVD repair
method was 26.75 J/cm2. Finally, the specimens fabricated using CAFRM had an
average mode I fracture toughness of 49.55 J/cm2. The average mode I fracture
toughness of the specimens fabricated using CAFRM was higher than the
specimens fabricated using the DVD repair method. However, the mode I
fracture toughness of the specimens fabricated using the autoclave repair
method was by far more superior compared to the other two fabrication methods.
This was likely due to the utilization of film adhesives for the bonding of
specimens fabricated using autoclave repair method. While the specimens
fabricated using autoclave repair method had an adhesive designed specifically
for bonding, the specimens fabricated using the DVD repair method and CAFRM
had to rely on the same resin system that was used to impregnate the specimens
for bonding.
Results from the ANOVA and Tukey’s multiple comparison procedure
suggests that there was a significant difference in mode I fracture toughness
between specimens fabricated using the autoclave repair method, DVD repair
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method, and CAFRM. Specimens fabricated using the three different methods
were all significantly different from each other. Therefore, based on the results,
the researcher rejected the null hypothesis in hypothesis four.

5.6

Conclusions

After testing the specimens fabricated using the autoclave repair method,
DVD repair method, and CAFRM, with microscopy, acid digestion, short beam
shear, and mode I fracture tests, the researcher was able to determine the
specimen’s void content, fiber volume fraction, shear strength, and opening
mode interlaminar fracture toughness. The specimens fabricated using the
autoclave repair method, DVD repair method, and CAFRM showed significant
differences in void content, shear strength, and opening mode interlaminar
fracture toughness. However, there were no significant differences between the
specimens for fiber volume fraction.
When significant differences were present, specimens fabricated using the
DVD repair method consistently performed lower compared to the specimens
fabricated using the autoclave repair method and CAFRM. With the exception of
the opening mode interlaminar fracture toughness, specimens fabricated using
CAFRM were able to exhibit similar and in some cases superior void content and
shear strengths than specimens fabricated using the autoclave repair method.
CAFRM showed great potential in its ability to produce similar or better quality
specimens than the aerospace industry accepted autoclave repair method in
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some areas. With further development and testing, it would be highly possible for
CAFRM to evolve into an alternative to the autoclave repair method.

5.7

Recommendations for Future Research

This study followed the minimum requirement of sample size specified by
each of the test’s ASTM testing standard. The researcher believed that if time
and funding permits, a larger sample size could further improve the reliability of
the results and also minimize the effects of possible outliers. Further testing
should also be conducted to determine the cause of specimens fabricated using
the DVD method having higher volume fractions. For the mode I fracture test, the
researcher recommends alternative resin systems with improved toughness for
the DVD repair method and CAFRM. An alternative tougher resin system could
improve the results of the mode I fracture test by determining which repair
method produces specimens that had higher open mode interlaminar fracture
toughness and not be affected by the characteristics of the resin system used in
the repair method. Finally, the researcher also recommends further full scale
testing of repair patches made using the autoclave repair method, DVD repair
method, and CAFRM to repair aircraft structures. The results gathered from the
full scale testing would be essential to determine if the large difference between
autoclave and other repair method’s mode I fracture toughness would affect the
structural integrity of the repair.
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